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THE  CONFERENCE 


The  lithium  battery  field  has  tremendously  expanded  since  1982  when  the  first  edition  of  IMLB 
(IMLB-1)  was  held  in  Rome.  The  rapidly  expanding  commercialization  of  rechargeable  lithium  bat¬ 
teries  in  the  consumer  electronics  market,  and  the  extension  of  their  use  for  electric  vehicle  applica¬ 
tions,  has  dramatically  increased  the  academic  and  industrial  interest  in  this  exciting  field.  This  can 
be  seen  in  a  continuously  growing  participation  in  the  past  IMLB  meetings,  which  in  the  case  of 
IMLB -9,  exceeded  600.  The  scientific  and  technological  innovations  in  lithium  batteries  are  expect¬ 
ed  to  progress  and  IMLB- 10  appears  to  be  the  ideal  forum  for  reporting  and  discussing  them.  Thus, 
this  special  edition,  which  comes  to  celebrate  the  20th  anniversary  of  IMLBs  and  the  turn  of  the  mil¬ 
lennium,  should  not  be  missed  by  anyone  in  the  field. 

The  organizing  committee  and  the  supporting  scientific  societies  invite  you  to  participate  in 
IMLB- 10  in  Como  in  2000.  The  established  format  of  the  meeting  will  be  continued  with  plenary  and 
invited  speakers  highlighting  key  advances  in  the  field.  Dedicated  poster  sessions  with  time  for  pre¬ 
sentation  and  ample  discussion  will  ensure  that  all  the  contributed  papers  are  given  their  rightful 
prominence.  There  will  also  be  an  exhibit  of  the  latest  instrumentation  by  companies  in  the  industry. 

All  presentations  will  be  in  English. 

CONFERENCE  PROGRAM 

The  Conference  will  begin  on  Sunday,  May  28,  2000  with  a  reception  at  18:30  hours.  Registration 
will  open  on  Sunday,  as  well  as  exhibit  and  poster  set-up.  In  general,  the  Technical  Sessions  will 
begin  at  08:45  on  Monday,  May  29,  2000  and  continue  until  18:15  on  Friday,  June  2,  2000,  with  the 
exception  of  having  the  afternoon  off  on  Wednesday,  May  31,  2000  to  explore  Como.  Each  day  there 
will  be  a  luncheon  held  from  13:00  to  14:30  as  well  as  two  coffee  breaks,  one  at  10:30  and  the  other 
at  16:00,  held  in  the  exhibit  and  poster  area.  Poster  sessions  are  scheduled  from  16:30  to  19:00  on 
Monday,  Tuesday,  and  Thursday.  The  conference  banquet  is  scheduled  at  20:30  on  Thursday,  June  1, 
2000. 

Following  the  tradition  set  by  previous  international  meetings  on  lithium  batteries,  invited  speak¬ 
ers  will  highlight  the  key  developments  in  the  field.  There  will  be  no  parallel  sessions.  All  contributed 
papers  will  be  presented  as  posters.  As  a  result,  the  poster  sessions  will  be  given  special  prominence 
with  ample  visibility  and  time  available  for  discussion. 

PROGRAM  OUTLINE 

The  following  sessions  will  be  included  in  the  conference  program: 

•  General 

•  Anodes 

•  Cathodes 

•  Liquid  Electrolytes 

•  Polymer,  Gel,  and  Glass  Electrolytes 

•  Batteries 

•  Battery  Materials 

•  Medical  Batteries 

•  Supercapacitors 
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PUBLICATION 


All  scheduled  abstracts  will  be  published  in  a  Meeting  Abstracts  volume,  copyrighted  by  The 
Electrochemical  Society,  Inc.  The  volume  is  published  photo-offset  directly  from  copy  submitted  by 
the  author.  The  volume  size  is  7  X  10  in.  (178  x  254  mm). 

PROCEEDINGS 

The  Conference  Proceedings  will  be  a  special  issue  of  the  Journal  of  Power  Sources  (JPS),  which  con¬ 
ference  delegates  will  receive  directly  from  the  publisher  approximately  9  months  after  the  meeting. 
Acceptance  of  an  abstract  does  not  imply  acceptance  in  the  JPS.  Only  those  papers  presented  at  the 
meeting  will  be  considered  for  publication  in  the  JPS.  Papers  will  be  subject  to  the  standard  JPS  review 
procedure.  The  full  length  manuscript  should  be  submitted  on  the  first  day  of  the  meeting  in  Como. 
Manuscripts  need  not  be  camera-ready,  as  they  will  be  typeset  by  the  publisher.  The  maximum  number 
of  published  pages  in  the  JPS  including  abstracts,  figures,  tables,  and  references  are  limited.  Information 
on  this  will  be  sent  to  the  authors,  along  with  paper  acceptance,  at  a  later  date.  Please  refer  to  the 
“Instructions  for  Authors”  of  the  Journal  of  Power  Sources  when  preparing  your  manuscript. 

EXHIBITION 

The  IMLB10  Meeting  is  a  terrific  opportunity  for  equipment  manufacturers  to  present,  face-to-face, 
their  products  and  services  to  a  vital  research  market  which  is  ordinarily  difficult  for  sales  people  to 
reach.  This  Exhibition  will  be  conveniently  located  adjacent  to  the  Technical  Program  and  Poster 
Sessions,  and  the  meeting  has  been  arranged  to  allow  ample  time  for  participants  to  visit  the 
Technical  Exhibits. 


EXHIBITORS  (as  of  presstime): 

Arbin  Instruments 

3206  Longmire  Drive 
College  Station,  TX  77845  USA 
Contact:  Derek  L.  Smith 

Arbin  Instruments  is  a  developer  and  manufacturer  of  equipment  for  testing  and  production  of  capac¬ 
itors,  batteries  of  all  chemistries  and  electrochemistry  applications.  Features  include  multiple  current 
range  (up  to  three  per  independent  channel)  bipolar  output  for  full  current/voltage  control  through 
zero  crossing,  true  potentiostat/galvanostat  circuitry  and  redundant  safety  for  lithium  applications. 

Bitrode  Ltd. 

HI  Draycott  Business  Park 
Dursley,  Glos.  GL1 1  5DQ,  UK 
Contact:  Michael  Young 

Specialists  in  battery  testing  and  formation  solutions,  Bitrode  provides  computer  controlled  test 
equipment  for  R&D  and  QA  applications  -  single  cell  cycling  to  bench  testing  complete  power  sys¬ 
tems  -  micro-amps  to  kilowatts.  Our  specialized  Lithium  Formation  System  has  modular  design 
allowing  pilot  line  applications  to  high  volume  fully  automated  formation  systems. 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 


5 


Braun  S.r.l. 

Via  Fontevivo,25 
19100  La  Spezia,  Italy 
Contact:  Peter  Novak 

BRAUN  has  been  designing,  building  and  perfecting  gloveboxes.  Our  experience  has  enabled  us  to 
enhance  our  system  technology  and  to  learn  what  our  customers  expect  and  deserve  in  a  controlled 
environment.  Like  the  pieces  of  a  puzzle,  BRAUN  glove  box  systems  can  be  “pieced  together”  to 
form  the  solution  for  countless  applications. 

Elf-Atochem 

Cerdato,  Route  du  Rilsan 
Serquigny,  27470,  France 
Contact:  Anissa  Brahmi 

Elf-Atochem  is  the  world’s  leading  producer  of  PVDF.  Our  particular  brand  of  high  purity,  battery 
grade  PVDF  resins  are  KYNAR®  and  KYNAR  FLEX®  for  anodes,  cathodes  and  separators.  Elf- 
Atochem  has  offered  its  long  and  successful  track  record  in  engineering  polymer  chemistry  to  help 
develop  Lithium  Batteries  technology. 


Elsevier  Science 

Molenwerf  1 
1014  AG  Amsterdam 
The  Netherlands 
Contact:  Bianca  Lathouwers 

For  over  100  years,  Elsevier  Science  has  been  dedicated  to  facilitating  the  exchange  of  information. 
Today,  Elsevier  Science  remains  more  committed  than  ever  to  that  mission  and  has  grown  into  a 
publishing  entity  of  truly  global  proportions  with  offices  around  the  world.  Elsevier  Science  has 
become  a  leader  in  the  publication  and  dissemination  of  literature  covering  the  broad  spectrum  of  sci¬ 
entific  endeavors. 


FMC  -  Lithium  Division 

449  North  Cox  Road 
Gastonia,  NC  28054 

Contact:  Fernando  Marin  or  Tracy  Lee  Anderson 

FMC  is  the  world’s  leading  supplier  of  lithium-based  products  to  the  primary  and  secondary  battery 
industry.  We  supply  Lectro®  Plus-Cathode  Materials,  Lectro®  Max-Anode  Materials  and  Lectro® 
Lyte-Salts.  Ask  us  about  our  latest  product  innovation,  Lectro®  Plus  165-Lithium  Cobalt  Oxide. 

Hohsen  Corporation 

10-4-601  Minamisenba  4-chome 
Osaka,  Chuo-ku,  542-601,  Japan 
Contact:  Kazuo  Tagawa 

Hohsen  Corporation  initially  focussed  on  the  coordination  of  testing  equipment  and  the  sale  of  relat¬ 
ed  raw  materials  and  components.  Hohsen  is  now  working  to  develop  revolutionary  new  testing  and 
manufacturing  equipment  to  meet  the  needs  of  our  clients. 
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Limtech,  Inc. 

2600  Blvd.  Laurier 

Sainte-Foy,  Quebec,  G1V  4W2,  Canada 
Contact:  Gilles  Dupuis 

LIMTECH  is  a  producer  of  high  purity  lithium  carbonate.  Its  products  are  used  in  several  industries 
including  the  fabrication  of  lithium  battery  cathodes  and  electrolytes,  and  in  the  fabrication  of  SAW 
filters  used  in  cellular  telephones  and  VCR’s.  LIMTECH’s  patented  process  allows  products  to  be  tai¬ 
lored  to  client  needs. 


Merck  KGaA 

Frankfurter  Str.  250 
Darmstadt  64271,  Germany 
Contact:  Winfried  Geissler 

Merck  KGaA  is  a  leading  European  pharmaceuticals,  laboratory,  and  specialty  chemical  group. 
Merck  is  present  in  46  countries  with  170  owned  companies  and  manufactures  at  63  locations  in  26 
countries.  The  product  range  comprises  more  than  20,000  different  chemical,  laboratory,  medical  and 
technological  products.  The  technical  industry  is  one  business  unit  of  the  specialty  chemical  group. 
This  business  unit  markets  among  other  things  materials  for  lithium  batteries.  Merck  has  developed 
a  program  for  the  production  of  primary  and  secondary  lithium  batteries.  The  optimization  of  elec¬ 
trolytes  and  cathode  powders  as  well  as  the  system  analysis  of  electrolyte-cathode  interrelations  is 
one  of  the  main  topics  of  the  application  laboratory. 

OnPower  Battery  S.p.A. 

Viale  Cialdini,  4/E 
50137  Firenze,  Italy 
Contact:  Peter  Novak 

OnPower  Battery  is  a  leader  in  advanced,  long  life  primary  and  rechargeable  batteries  for  mobile 
applications.  The  company  develops  products  for  the  cellular  phone,  laptop  computer,  electric  vehi¬ 
cle  and  other  markets  requiring  high  performance  and  high  reliability.  OnPower  emphasizes  innova¬ 
tion  through  its  continuous  R&D  process  that  provides  customers  with  comprehensive,  high  perfor¬ 
mance  turnkey  battery  solutions. 

Solartron 

Victoria  Road,  Famborough 
Hampshire  GUI  7PW,  UK 
Contact:  Andrew  Hinton 

Solarton,  a  Roxboro  Group  Company,  designs  and  manufactures  a  range  of  electrochemical  and 
materials  measurement  solutions.  The  product  range  includes  frequency  response  analyzers,  poten- 
tiostats/galvanostats,  multiplexers  and  materials  interfaces.  Solartron  has  also  released  the  1470  mul¬ 
tichannel  battery  test  system,  This  is  targeted  at  research/development  for  battery,  fuel  cell,  and  super¬ 
capacitor  technologies. 

Thermal  Hazard  Technology 

1  North  House,  Bond  Avenue 
Bletchley  MK1  1SW,  England 
Contact:  Martyn  Ottaway 

Thermal  Hazard  Technology's  No.  1  concern  is  SAFETY!  THT  is  a  world  leader  in  battery  safety 
testing.  We  offer  instrumentation  and  sample  testing  services.  Our  Adiabatic  Battery 
Calorimeter/ Accelerating  Rate  Calorimeter  with  Battery  Cycling  Option  uniquely  allows  a  full  range 
of  safety  and  efficiency  tests  for  batteries  or  components.  NEW!  THT  launches  the  EV  Calorimeter, 
allowing  similar  testing  with  EV  or  storage  batteries. 
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THE  VENUE 


Como  is  one  of  the  most  beautiful  Alpine  lakes  in  Northern  Italy  and  also  the  birthplace  and  work¬ 
ing  residence  of  Alessandro  Volta,  the  inventor  of  the  first  battery.  Villa  Erba,  in  Cemobbio  (Como), 
Italy,  is  a  new  exhibition  and  conference  center  located  in  a  park  with  exceptional  landscaping  next 
to  a  villa  of  historical  and  artistic  importance.  Just  half  an  hour  from  Milan,  Lake  Como  is  a  jewel¬ 
like  oasis  of  tranquillity,  a  magical  combination  of  lush  Mediterranean  foliage  and  snowy  alpine 
peaks.  Of  all  the  lakes  of  north  Italy,  Lake  Como,  lined  with  elegant  19th  century  villas,  crowned  by 
snow-capped  mountains,  and  buzzing  with  ferries,  is  an  outstanding  venue  for  IMLB10. 

ACCOMMODATIONS 

The  IMLB  10  conference  will  be  held  at  the  Villa  Erba  Conference  Center  in  Como,  Italy.  The  Centro 
Volta  will  be  handling  all  hotel  and  tour  accommodations.  Therefore,  should  you  have  any  questions 
or  require  additional  information  regarding  your  hotel  or  tour  plans,  please  contact  the  Centro  Volta 
directly  via  Phone:  39.031.579.812,  Fax:  39.031.573.395,  or  E-mail:  congress@icil64.cilea.it.  The 
deadline  for  making  hotel  reservations  is  April  1,  2000.  Written  requests  for  refunds  of  deposits  (by 
e-mail  or  fax)  will  be  honored  up  until  May  15,  2000.  All  reservations  must  be  accompanied  by  a 
deposit  equal  to  100.000  It.  Lit.  per  person  to  guarantee  the  hotel  reservation. 

Please  specify  your  choice  of  hotel  category  on  your  reservation  form.  If  your  choice  is  not  avail¬ 
able,  you  will  be  confirmed  in  the  next  higher  available  category.  The  special  convention  hotel  rates 
are: 


★  ★  ★  ★  ★  (5  star  Luxury  Hotel) 

single  room:  IT.  Lire  420.000 
double  room:  IT.  Lire  700.000 

This  luxury  category  is  available  only  at  VILLA  d’ESTE,  one  of  the  most  famous  luxury  hotels  in  all 
of  Europe,  well  known  as  a  shelter  for  VIPs,  movie  and  rock  stars,  due  to  the  privacy  and  seclusion 
of  this  place. 


★  ★  ★  ★  (4  Star  Luxury  Hotel) 

single  room:  IT.  Lire  1 80.000 
double  room:  IT.  Lire  230.000 

All  rooms  have  direct  dial  phone,  mini  bar,  satellite  TV  and  air  conditioning.  For  the  most  part,  the 
4  star  hotel  have  sports  facilities,  lake  views  and  excellent  restaurants. 

★  ★  ★  (3  Star  Luxury  Hotel) 
single  room:  IT.  Lire  130.000 
double  room:  IT.  Lire  170.000 

Differing  from  the  4  star  category,  these  hotels  have  no  sports  facilities  and  usually  are  not  near  the 
lake.  Some  of  these  hotels  are  air-conditioned  and  have  restaurants  inside. 

★  ★  (2  Star  Luxury  Hotel) 
single  room:  IT.  Lire  90.000 
double  room:  IT.  Lire  130.000 

The  cheapest  option  for  an  informal  and  familiar  accommodation.  Some  rooms  have  a  bathroom  in 
the  corridor;  none  of  them  are  air-conditioned  or  have  a  television. 

IMPORTANT:  All  prices  include  breakfast.  Prices  indicated  are  1999  prices — some  increases  may 
be  possible. 
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ACCOMPANYING  PERSON  TOUR  PROGRAM 


The  following  tours  have  been  arranged  for  individuals  accompanying  attendees  of  the  IMLB  10  con¬ 
ference.  The  Centro  Volta  will  be  handling  all  tour  arrangements.  Therefore,  should  you  have  any 
questions  or  require  additional  information  regarding  your  tour  plans,  please  contact  the  Centro  Volta 
directly  via  Phone:  39.031.579.812,  Fax:  39.031.573.395,  or  E-mail:  congress@icil64.cilea.it.  The 
deadline  for  making  tour  reservations  is  April  1,  2000.  Written  requests  for  refunds  of  deposits  (by 
e-mail  or  fax)  will  be  honored  up  until  May  15,  2000.  Tour  reservations  will  be  taken  at  the  meeting 
based  on  availability,  subject  to  a  surcharge. 


Tour  on  Como  Lake 

(half-day  tour) 

Departure  from  Villa  Erba  pier  (or  Como  pier)  for  a  guided  tour  of  Como  lake  by  boat.  The  boat  will 
pass  Cemobbio  and  the  famous  luxury  hotel  Villa  d’Este,  Brienno,  Argegno,  Lenno  and  Isola 
Comacina.  Arrival  in  Tremezzo  and  visit  to  Villa  Carlotta,  famous  for  its  Italian  gardens  and  Canova 
sculptures.  Return  to  Como,  coasting  Menaggio  and  Bellagio. 

Price:  It.  Lit.  50.000  per  person 

Tour  of  historical  Como 

(half-day  tour) 

Guided  tour  in  the  center  of  the  city,  visiting  the  Cathedral,  Broletto  and  S.  Fedele  Roman  Catholic 
Church. 

Price  It.  Lit.  15.000  per  person 

Silk  Shopping 

(half-day  tour) 

Visit  to  the  magnificent  silk  museum  in  Como  to  discover  local  main  production.  A  shopping  tour  to 
the  Mantero  outlet  will  follow. 

Price  It.  Lit.  30.000  per  person 

Tour  of  Milan 

(all  day  tour) 

Departure  from  hotels  by  bus.  Arrival  in  Milan  and  meeting  with  local  guides.  Visit  to  the  Cathedral 
(fourth  largest  church  in  the  world  with  135  spires  and  3200  statues).  Visit  to  La  Scala  Theatre  and 
its  museum.  Stop  for  lunch  and  in  the  afternoon  visit  of  the  Castello  Sforzesco  and  its  museum. 
Return  to  Como. 

Price  It.  Lit.  80.000  per  person 


GENERAL  INFORMATION 


Climate: 

It  is  often  sunny  and  warm  in  Como  in  May  (average  temp.  20-25°C),  nevertheless  there  may  be  some 
rain  as  the  weather  is  changeable.  An  umbrella  and  a  light  coat  are  recommended. 

Banking: 

Normal  banking  opening  hours  in  Como  are  from: 

08:30  to  13:20 

15:00  to  16:00  (weekdays) 

Closed:  Saturday  and  Sunday. 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 
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TRAVEL  TO  COMO 


Como  is  easily  reached  by  plane,  being  close  to  both  the  Milano  Airports  of  Malpensa  and  Linate. 
Como  is  also  very  well  connected  by  trains  to  all  of  the  major  European  cities.  Frequent  and  fast  train 
service  connects  Como  to  Milan  or  to  Switzerland  daily.  Driving  to  Como  is  also  very  easy  and  pleas¬ 
ant,  either  by  fast  highways  or  by  scenic  mountain  roads. 

For  visitors  arriving  by  plane,  Lugano  airport  is  only  a  20-minute  drive  from  Villa  Erba,  and 
Malpensa,  Bergamo,  and  Linate  airports  are  roughly  30-45  minutes  away.  Motorists  will  find  their 
journey  just  as  easy;  the  Como  Nord  exit  on  the  A9  motorway  from  Milan  takes  them  virtually  to  the 
gates  of  Villa  Erba,  where  there  is  ample  parking  for  delegates  and  exhibitors  for  a  charge.  Villa  Erba 
is  served  by  two  railway  lines  Ferrovie  Nord  Milano,  with  a  station  at  Como  Lago,  and  Italian  State 
Railways,  whose  Como  S.  Giovanni  station  is  on  the  international  Milan-Chiasso  line.  Delegates  can 
even  arrive  by  boat  if  they  wish;  the  regular  Lake  Como  ferry  service  docks  at  Villa  Erba’s  own  land¬ 
ing  stage  on  request. 


Transportation 

How  to  reach  Como  -  Villa  Erba 


By  Air: 

From  Milano — Linate  Airport 

A)  1  Bus  STAM  from  Milano  -  Linate  airport  to  Central  Railway  Station  (30  min.  approx.;  frequen¬ 
cy:  every  20  min.  from  6.00  to  7.00,  every  30  min.  from  7.00  to  23.00;  price  one  way  Lit.  5.500  avail¬ 
able  on  bus)  or  Taxi  from  Milano  -  Linate  airport  to  Central  Railway  Station  (30  min.  approx.;  price 
max.  Lit.  30.000)  2.  Trains  from  Central  Station  to  Como  S.G.  Station  (see  time-table  on  page  12)  3 
Buses  from  Como  S.G.  station  to  Villa  Erba  n  1,6,1 1,14  (price  Lit.  1.600;  tickets  are  not  available  on 
buses) 

B)  Taxi  from  Milano  -  Linate  airport  to  Como  (Lit.  170.000  maximum  by  motorway,  approx.  1.30 
h.;  please  ask  the  taxi-driver  the  fare  before  leaving!) 

From  Milano — Malpensa  Airport 

A)  Bus  AIRPULMANN  from  Milano-Malpensa  airport  to  Como  (1  hour  approx.;  frequency:  every 
hour  from  8.00  to  12.00,  every  3  hours  from  12.00  to  19.30;  on  Sunday  only  two  runs  at  9.25  and  at 
12.00) 

2.  Malpensa  EXPRESS  from  Milano-Malpensa  airport  to  Saronno  station  and  change  for  Como 
Lago  FNM  Station  (1  hour  approx.  -  see  time-table  on  page  12) 

3.  Buses  from  Como  Lago  FNM  to  Villa  Erba  n.  6  (price  Lit.  1 .600;  tickets  are  not  available  on 
buses.) 

B)  Taxi  from  Milano  -  Malpensa  airport  to  Como  (Lit.  140.000  maximum;  approx.  40/60  min.;  please 
ask  the  taxi-driver  the  fare  before  leaving!) 

By  Train: 

International  railway  line  North  Europe  -  Basel  -  Chiasso  -  Como  or  North  Europe  -  Zurich  -  Chiasso 
-  Como 

By  Car: 

From  Milano:  motorway  A9,  exit  Como  Monte  Olimpino  or  Como  Nord 
From  Switzerland:  motorway  A9,  exit  Como  Nord  or  Como  Sud 
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How  to  reach  Milano  Linate  Airport  from  Como 


Train  from  Como  S.G.  station  to  Milano  Centrale  Railway  Station  (see  time-table  on  page  12 
Bus  from  Milano  Centrale  Railway  Station  to  Milano  -  Linate  airport  (every  20/30  min.  from  5.40  to 


21.00) 


How  to  reach  Milano  Malpensa  Airport  from  Como 

Bus  AIRPULMANN  from  Piazza  Matteotti  (Como)  (1  hour  approx.;  frequency:  1st  run  at  5.50,  from 
7.20  to  17.50  every  2  hours,  on  Sunday  only  two  runs  at  7.20  and  at  10.50) 

Train  to  Saronno  and  change  for  Malpensa  EXPRESS  (1  hour  approx.  -  see  time-table  on  page  12) 

How  to  reach  the  Villa  Erba  once  in  Como 

Individuals  who  have  accommodations  in  the  hotels  in  Cernobbio  can  reach  the  Villa  Erba  conference 
center  by  a  short  walk  of  not  more  than  5  to  10  minutes.  Individuals  who  have  accommodations  in 
the  center  of  Como  have  two  different  options: 

Travel  by  boat  -  from  the  main  Piazza  Cavour  they  can  take  a  boat,  every  30  minutes  from  07.35 
until  19.45.  In  13  minutes  they  will  be  in  Cernobbio  and  can  reach  Villa  Erba  by  walking  a  short  dis¬ 
tance.  The  cost  of  the  ticket  is  about  4.000  lire  (approximately  $2.00  US  Dollars); 

Travel  by  bus  -  from  the  Bus  Station  in  Piazza  Matteotti  in  Como  they  can  catch  bus  no.  6  and  reach 
Villa  Erba  (bus  stop  "Tavemola  Breggia",  just  in  front  of  Villa  Erba)  in  10  minutes.  Buses  run  from 
06:00  until  23:00  and  the  cost  of  the  ticket  is  about  3.000  lire  (approximately  $1.50  US  Dollars). 

MEETING  ORGANIZATION 

The  IMLB  10  meeting  will  be  administratively  managed  by  The  Electrochemical  Society,  Inc. 
(Pennington,  NJ,  USA)  and  the  local  arrangements  will  be  coordinated  by  the  Volta  Center  (Como, 
Italy).  For  more  information,  contact  the  ECS  Headquarters  Office  and  the  Chairman  by  sending  an 
e-mail  message  to  the  following  address:  imlblO@electrochem.org. 


VILLA  ERBA  CONFERENCE  CENTER 
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TRAIN  TIME-TABLE  (to/from  Linate  Airport) 
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Saronno  dep.  08:09  09:09  11:09  12:09  13:09  13:39  15:09  16:09  17:09  18:09 

Malpensa  arr.  08:30  09:30  11:30  12:30  13:30  14:00  15:30  16:30  17:30  18:30 

Last  train  leaving  Como  is  at  19:14,  change  in  Saronno  at  20:09,  and  arrive  in  Malpensa  at  20:30. 


TECHNICAL  SESSIONS 


14:00-18:00 

14:00-18:00 

18:30-20:00 

Time  Abs.  # 


8:45 

9:00  1 

9:30  2 

10:00  3 
10:30 

11:00  4 
11:30  5 

12:00  6 
12:30  7 

13:00 

14:30  8 


SUNDAY,  MAY  28,  2000 

Registration  in  Ala  Cemobbio 

Authors  Presenting  Posters  during  the  week  should  set-up  their  posters  in  Ala 
Cemobbio 

Welcome  Reception  at  Villa  Erba 


ORAL  PRESENTATIONS 
MONDAY,  MAY  29,  2000 

Padiglione  Centrale,  Villa  Erba  Conference  Center 

General  Session 

Chair:  Z.  Ogumi 

Opening  Remarks  by  B.  Scrosati 

Year  2000  R&D  Status  of  Large-Scale  Lithium  Secondary  Batteries  in  the  National 
Project  of  Japan  -  T.  Tanaka  (Central  Research  Institute  of  Electric  Power  Industry 
(CRIEPI))  and  N.  Arai  (Lithium  Battery  Energy  Storage  Technology  Research 
Association  (LIBES) 

From  Gems  to  Lithium  Battery  Electrodes  -  M.M.  Thackeray  (Argonne  National 
Laboratory)  (Argonne  National  Laboratory) 

Aging  Mechanism  in  Li  Ion  Cells  and  Calendar  Life  Predictions  -  M.  Broussely,  S. 
Herreyre,  P.  Biensan,  P.  Kasztejna,  K.  Nechev,  and  R.J.  Staniewicz  (SAFT) 

Coffee  Break  in  Ala  Lario 

Chair:  F.  R.  McLarnon 

The  Status  of  Sony  Li-Ion  Polymer  Battery  -  K.  Nakajima,  K.  Kezuka,  and  T.  Hatazawa 
(Sony  Corporation,  Energy  Co.) 

Battery  Technologies  and  Based  on  the  Requirement  for  Applications  and  Future 
Movement  -  S.  Tsuda  (Matsushita  Electric  Industrial  Co.,  Ltd.)  Tsuda  (Matsushita 
Electric  Industrial  Co.,  Ltd.) 

U.S.  Army  Portable  Power  Programs  -  R.  Hamlen,  G.  Au,  M.  Brundage,  M. 
Hendrickson,  and  E.  Plichta  (Army  Power  Division) 

Lithium-Ion  Batteries  for  Aerospace  Applications  -  R.  Marsh,  S.  Vukson  (HQ  Air  Force 
Materials  Command),  S.  Surampudi,  R.  Bugga,  M.  Smart  (Jet  Propulsion  Laboratory), 
M.  Manzo,  and  P.  Dalton  (NASA  John  H.  Glenn  Research  Center) 

Lunch  in  Ala  Lario 


Anodes  1 

Chair:  M.  Broussely 

From  Rome  to  Como:  Twenty  Years  of  Active  Research  on  Carbon  Based  Electrodes 
for  Lithium  Batteries  at  INP-Grenble  -  R.  Yazami  (CNRS)  Batteries  at  INP-Grenoble  - 
R.  Yazami  (CNRS) 
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Time  Abs.  # 


15:00  9 

15:30  10 

16:00 

16:30 

8:30  11 

9:00  12 

9:30  13 

10:00  14 
10:30 


11:00  15 

11:30  16 
12:00  17 
12:30  18 
13:00 


14:30  19 

15:00  20 


The  Complex  Electrochemistry  of  Graphite  Electrodes  in  Lithium-Ion  Batteries  -  P. 
Novak,  F.  Joho,  M.  Lanz,  B.  Rykart,  J.-C.  Panitz,  D.  Alliata,  and  R.  Koetz  (Paul 
Scherrer  Institute) 

High-Capacity  Carbons  for  Lithium-Ion  Batteries  Prepared  from  Rice  Husk  -  G.T.-K. 
Fey  and  C.-L.  Chen  (National  Central  University) 

Coffee  Break  in  Ala  Lario 
Poster  Session  in  Ala  Cemobbio 

TUESDAY,  MAY  30,  2000 

Anodes  II 

Chair:  G.  A.  Nazri 

Searching  for  Anode  Materials  for  the  Li-Ion  Technology:  Time  to  Deviate  from  the 
Usual  Path  -  P.  Poizot,  S.  Laruelle,  E.  Baudrin,  S.  Denis,  M.  Touboul,  and  J.-M. 
Tarascon  (Universite  de  Picardie  Jules  Verne) 

Film-Forming  Electrolyte  Additives  for  Li-Carbon  and  Li- Alloy  Anodes  -  J.O. 
Besenhard,  G.H.  Wrodnigg,  K.-C.  Moller,  H.  Buqa,  M.  Wachtler,  and  M.  Winter  (Graz 
University  of  Technology) 

Novel  Anodes  for  Lithium  Ion  Batteries  -  T.  Brousse,  O.  Crosnier,  P.  Fragnaud,  and 
D.M.  Schleich  (Ecole  Polytechnique  de  I’ Universite  de  Nantes) 

New  Composite  Anode  Systems  Combined  with  Li2  6Co04N  -  Y.  Takeda  and  J.  Yang 
(Mie  University) 

Coffee  Break  in  Ala  Lario 


Cathodes  I 

Chair:  K.  M.  Abraham 

Layered  LiMn02  and  Spinel-Based  Compounds  as  Positive  Electrodes  in  Rechargeable 
Batteries:  Structure,  Transformation  and  Properties  -  P.G.  Bruce,  A.R.  Armstrong,  A.D. 
Robertson,  M.J.  Duncan,  A.J.  Fowkes,  and  T.E.  Quine  (University  of  St.  Andrews) 
Charge-Disharge  Properties  of  Spinel  Oxides  as  the  Cathode  for  Lithium  Secondary 
Battery  -  M.  Wakihara  (Tokyo  Institute  of  Technology) 

Novel  Layered  Cathode  Materials  for  Advanced  Lithium  Ion  Batteries  -  B. 
Ammundsen,  J.  Desilvestro,  R.  Steiner,  and  P.  Pickering  (Pacific  Lithium  Limited) 
STM  Study  on  Lithium  Manganese  Oxide  Cathodes  -  M.  Inaba,  T.  Abe,  and  Z.  Ogumi 
(Kyoto  University) 

Lunch  in  Ala  Lario 


Cathodes  II 

Chair:  S.  Panero 

Effects  of  Cationic  Disorder  and  Defects  on  the  Structural  Behaviour  of  the  Lix(M, 
L)02  (M  =  Ni,  Co)  Phases  -  C.  Delmas  (Ecole  Nationale  Superieure  de  Chi  mie  et 
Physique  de  Bordeaux) 

The  Source  of  First-Cycle  Capacity  Loss  in  LiFeP04  -  A.S.  Andersson  and  J.O.  Thomas 
(Uppsala  University) 
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Time  Abs.  # 


15:30  21 

16:00 

16:30 


8:30 

22 

9:00 

23 

9:30 

24 

10:00  25 


10:30 


11:00  26 
11:30  27 
12:00  28 

12:30  29 

13:00 

14:30 


8:30  30 


A  Survey  of  Polyanionic  Structures  Hosts  For  Reversible  Lithium  Insertion  -  C. 
Masquelier,  C.  Wurm  (Universite  Paris-Sud  Orsay),  J.  Rodriguez-Carvajal  (CEA- 
CNRS  Saclay),  J.  Gaubicher,  and  L.  Nazar  (University  of  Waterloo) 

Coffee  Break  in  Ala  Lario 
Poster  Session  in  Ala  Cemobbio 

WEDNESDAY,  MAY  31, 2000 

Liquid  Electrolytes 

Chair:  I.  Exner 

Lithium  Fluoralkylphosphates,  A  New  Class  of  Conducting  Salts  for  Electrolytes  for 
High  Energy  Lithium-Ion  Batteries  -  M.  Schmidt,  U.  Heider,  A.  Kuehner,  R.  Oesten,  M. 
Jungnitz  (Merck  KGaA),  N.  Ignat’ev,  and  P.  Sartori  (Gerhardt-Mercator-University) 
Low  Temperature  Behavior  of  Li-Ion  Cells  -  H.-P.  Lin,  M.  Salomon,  H.C.A.  Shiao 
(MaxPower,  Inc.),  M.  Hendrickson,  E.  Plichta,  and  S.  Slane  (U.S.  Army) 

Composition,  Depth  Profiles  and  Lateral  Distribution  of  Materials  in  the  SEI  Built  on 
HOPG  -TOF  SIMS  and  XPS  Studies  -  E.  Peled,  D.  Bar  Tow,  A.  Merson,  A.  Gladkich, 
and  L.  Burstein  (Tel  Aviv  University) 

In  Situ  Studies  of  SEI  Formation  -  F.  Kong,  R.  Kostecki  (Lawrence  Berkeley  National 
Laboratory),  G.  Nadeau  (Institut  de  Recherche  d'Hydro-Quebec),  X.  Song  (Lawrence 
Berkeley  National  Laboratory),  K.  Zaghib  (Institut  de  Recherche  d’Hydro-Quebec),  K. 
Kinoshita,  and  F.  McLamon  (Lawrence  Berkeley  National  Laboratory) 

Coffee  Break  in  Ala  Lario 

Polymer  Electrolytes 

Chair:  B.  Scrosati 

Volta  Award  Address-Batteries  for  Transportation:  Are  We  Missing  the  Boat?  -  M. 
Armand  (University  of  Montreal) 

PEO-Based  Nanocomposite  Polymer  Electrolytes  -  F.  Croce,  L.  Persi,  and  B.  Scrosati 
(Universita  “La  Sapienza”) 

Electrochemical  Characteristics  of  Polymer  Electrolytes  Based  on  P(VDF-co- 
HFP)/PMMA  Ionomer  Blend  for  PLIB  -  J.-K.  Park  and  Y.-G.  Lee  (Korea  Advanced 
Institute  of  Science  and  Technology) 

Self-Doped  Block  Copolymer  Electrolytes  (SDBCEs)  for  Solid-State,  Rechargeable 
Lithium  Batteries  -  D.  Sadoway,  A.  Mayes,  B.  Huang,  P.  Trapa,  P.  Soo,  and  P.  Banneijee 
(Massachusetts  Institute  of  Technology) 

Lunch  in  Ala  Lario 

Afternoon  free  for  sightseeing  activities 

THURSDAY,  JUNE  1,2000 

Battery  Materials 

Chair:  J.  R.  Selman 

Electrochemical  and  Synchrotron  Radiation  XAS  Studies  of  Lithium  Intercalation  Into 
Vanadium  Pentoxide  Aerogels  and  Nanocomposites  -  W.  Smyrl  (UMN),  S.  Passerini 
(ENEA),  M.  Giorgetti  (UMN),  F.  Coustier  (Polystor  Corporation),  M.  Fay,  and  B. 
Owens  (UMN) 
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Time  Abs.  # 

Light  Scattering  and  Computational  Studies  on  Ionic  Interaction  and  Dynamics  in 
Polymer  Based  Gel  Electrolytes  -  P.  Johansson,  C.  Svanberg,  R.  Bergman,  and  P. 
Jacobsson  (Chalmers  University  of  Technology) 

Solid  State  NMR  Studies  of  Lithium  Ion  Battery  Materials  -  S.  Greenbaum,  Y.  Wang, 
S.  Chung,  and  X.  Guo  (Hunter  College  of  the  City  University  of  New  York) 

In-Situ  and  Ex-Situ  Strategies  for  the  Study  of  Lithium  Battery  Electrodes  -  L.  Rendek 
Jr.,  D.  Totir,  G.  Chottiner,  and  D.  Scherson  (Case  Western  Reserve  University) 

Coffee  Break  in  Ala  Lario 

Chair:  K.  Amine 

Rechargeable  Magnesium  Battery  Technology,  a  Comparison  with  Li  Battery  Systems 

-  D.  Aurbach,  Y.  Gofer  (Bar-Ilan  University),  Z.  Lu  (Dalhousie  University),  A. 
Schechter  (Case  Western  Reserve  University),  O.  Chusid,  H.  Gizbar,  Y.  Cohen,  V. 
Ashkenazi,  M.  Moshkovich,  R.  Turgeman,  and  E.  Levi  (Bar-Ilan  University) 
Nanomaterial-Based  Li-Ion  Battery  Electrodes  -  C.  Martin,  N.  Lee  (University  of 
Florida),  and  B.  Scrosati  (University  of  Rome  “La  Sapienza”) 

Microstructure  Effects  in  Plasticized  PVDF-HFP-Based  Electrodes  for  Plastic  Li-Ion 
Batteries  -  A.  Du  Pasquier,  T.  Zheng,  G.  Amatucci,  and  A.  Gozdz  (Telcordia 
Technologies) 

Investigations  of  Non-Flammable  Phosphazene  Based  Compounds  for  Lithium  Ion 
Batteries  -  J.  Prakash  and  C.-W.  Lee  (Illinois  Institute  of  Technology) 

Lunch  in  Ala  Lario 

Batteries  I 

Chair:  R.  J.  Brodd 

14:30  38  Development  of  Lithium  Polymer  Batteries  with  Gel  Polymer  Electrolyte  -  S. 

Narukawa  and  I.  Nakane  (Sanyo  Electric  Co.,  Ltd.) 

15:00  39  Glassy  Materials  for  Lithium  Batteries  -  Theoretical  Aspects  and  Devices  Performances 

-  M.  Duclot  and  J.-L.  Souquet  (Laboratoire  d’Electrochimie  et  de  Physicochimie  des 
Materiaux  et  des  Interfaces  (LEPMI)) 

15:30  40  Research  on  Highly  Reliable  Solid-State  Lithium  Batteries  in  NIRIM  -  K.  Takada,  T. 

Inada,  A.  Kajiyama,  M.  Kouguchi,  S.  Kondo,  and  M.  Watanabe  (NIRIM) 

16:00  Coffee  Break  in  Ala  Lario 

1 6:30  Poster  Session  in  Ala  Cemobbio 

20:30  Banquet  in  Villa  Antica 

FRIDAY,  JUNE  2,  2000 
Batteries  II 

Chair:  J.  T.  S.  Irvine 

9:00  41  Materials  Development  for  High-Performance  Lithium  Batteries  -  R.A.  Huggins,  A. 

Netz,  V.  Thangadurai,  J.  Schwenzel,  S.  Stramare,  and  W.  Weppner  (Christian- 
Albrechts-University) 

9:30  42  Modeling  Lithium-Ion  Battery  Oven  Exposure  Tests  -  J.R.  Dahn,  T.  Hatchard,  D. 

MacNeil  (Dalhousie  University),  and  L.  Christensen  (3M  Company) 

10: 10  43  Recent  Investigations  on  Thin  Films  and  Single  Particles  of  Transition  Metal  Oxides  for 
Lithium  Batteries  -  I.  Uchida,  M.  Mohamedi,  M.  Nishizawa,  and  T.  Itoh  (Tohoku 
University) 

10:30  Coffee  Break  in  Ala  Lario 


11:00  34 

11:30  35 
12:00  36 

12:30  37 
13:00 


9:00  31 

9:30  32 

10:00  33 
10:30 
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Batteries  III 

Chair:  M.  Conte 


11:00  44 

11:30  45 
12:00  46 

12:30  47 

13:00 


14:30  48 
15:00  49 
15:20  50 
15:40  51 
16:00 


16:30  52 

17:00  53 
17:30  54 
18:00 


Recent  Advances  on  Rechargeable  Lithium  Ion  Polymer  Batteries  in  Korea  -  K.-S.  Yun, 
B.-W.  Cho,  W.-I.  Cho,  and  H.-S.  Kim  (Korea  Institute  of  Science  and  Technology) 
Lithium  Metal/Polymer  Battery  -  T.  Osaka  (Waseda  University) 

Solid  State  Polymer  Battery  Based  on  Lithium  Titanate  Anode  -  P.  Birke  and  F.  Salam 
(Fraunhofer  Institut  Siliziumtechnologie  (ISIT)) 

Shaped  Charge:  Adjustable  Form-Factor  Lithium-Ion  Batteries  -  W.  van  Schalkwijk 
(SelfCharge  Inc)  and  M.  Juzkow  (PolyStor  Corporation) 

Lunch  in  Ala  Lario 


Medical  Batteries 

Chair:  B.  B.  Owens 

The  Role  of  Lithium  Batteries  in  Modem  Health  Care  -  C.F.  Holmes  (Greatbatch- 
Hittman,  Inc.) 

The  Future  of  Lithium  and  Lithium-Ion  Batteries  in  Implantable  Medical  Devices  -  C. 
Schmidt  and  P.  Skarstad  (Medtronic  Energy  &  Components  Center) 

Primary  Batteries  for  Implantable  Pacemakers  and  Defibrillators-  J.  Drews,  G. 
Fehrmann,  R.  Staub,  and  R.  Wolf  (LITRONIK  GmbH  &  Co.) 

Medical  Batteries  for  External  Medical  Devices  -  S.  Passerini  (ENEA)  and  B.  Owens 
(University  of  Minnesota) 

Coffee  Break  in  Ala  Lario 


Supercapacitors 

Chair:  M.  Morita 

Advanced  Capacitors  and  Their  Application  -  S.  Nomoto,  H.  Nakata,  K.  Yoshioka 
(Matsushita  Electric  Industrial  Co.,  Ltd.),  A.  Yoshida  (Matsushita  Electric  Industrial. 
Co.,  Ltd.),  and  H.  Yoneda  (Matsushita  Electronic  Components  Co.,  Ltd.) 
Polymer-Based  Supercapacitors  -  M.  Mastragostino,  C.  Arbizzani,  and  F.  Soavi 
(Universita'  di  Bologna) 

New  Conducting  Polymers  for  Supercapacitors  and  Lithium  Batteries  -  K.  Naoi  (Tokyo 
University  of  Agriculture  and  Technology) 

Concluding  Remarks  by  F.R.  McLamon 

POSTER  PRESENTATIONS 


Ala  Cernobbio,  Villa  Erba  Conference  Center 

Authors  presenting  posters  should  prepare  their  materials  with  a  total  dimension  of  100  cm  wide  by 
150  cm  high.  Presenters  may  begin  setting  up  their  posters  at  14:00  on  Sunday,  May  28,  2000  in  Ala 
Cernobbio.  Authors  should  look  for  the  corresponding  abstract  number  to  see  where  to  set  up  their 
posters.  All  posters  will  remain  available  for  viewing  throughout  the  entire  week.  Specific  segments 
of  posters  will  be  highlighted  in  conjunction  with  the  oral  presentations  each  day.  Authors  are  advised 
to  be  available  at  these  times  to  answer  questions  and  provide  feedback.  Afternoon  poster  sessions 
are  planned  from  16:30  to  19:00  on  Monday,  Tuesday,  and  Thursday  to  offer  additional  time  for  view¬ 
ing  the  posters. 
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Abs.  # 

Anodes  Posters 

Co-Chairs:  M.  Broussely  and  G.  A.  Mazri 

55  Tin/Tin  Oxide  Thin  Film  Electrodes  for  Lithium-Ion  Batteries  -  J.  Sarradin,  N. 
Benjelloun,  G.  Taillades,  and  M.  Ribes  (Universite  Montpellier  II) 

56  Optimization  of  Physicochemical  Characteristics  of  a  LithiumAnode  Interface  for 
High-Efficiency  Cycling  -  M.  Ishikawa  and  M.  Morita  (Yamaguchi  University) 

57  Improved  Carbon  Anode  Properties:  Pretreatment  of  Particles  in  Polyelectrolyte 
Solution  -  M.  Gaberscek,  M.  Bele,  R.  Dominko,  J.  Drofenik  (National  Institute  of 
Chemistry),  and  S.  Pejovnik  (University  of  Ljubljana) 

58  Graphite-Tin  Composites  as  Anode  Materials  for  Lithium-Ion  Batteries  -  G.X.  Wang 
(University  of  Wollongong),  J.-H.  Ann  (Andong  National  University),  L.  Sun,  M.J. 
Lindsay,  D.H.  Bradhurst,  S.X.  Dou,  and  H.K.  Liu  (University  of  Wollongong) 

59  Study  on  Electrochemical  Behavior  of  Carbon  Materials  for  Lithium-Ion  Battery  -  D. 
Wang,  Y.  Gao,  D.  Wang,  Z.  Li,  X.  Ping,  and  X.  Wang  (Tianjin  Institute  of  Power 
Sources) 

60  On  The  Possibility  of  forming  Superdense  Lithium  Graphite  Intercalation  Compounds 
by  Electrochemical  Means  -  E.  Peled,  D.  Bar  Tow,  V.  Yufit,  and  Y.  Rosenberg  (Tel  Aviv 
University) 

61  Charge/Discharge  Characteristics  of  the  Coal-tar  Pitch  Carbon  as  Negative  Electrodes 
in  Li-Ion  Batteries  -  J.-S.  Kim  and  Y.-T.  Park  (University  of  Seoul) 

62  Fast  Electrochemical  Formation  of  Nanostructure  Alloys  as  Anodes  in  Lithium  -  Ion 
Batteries  -  E.  Peled,  A.  Ulus,  and  Y.  Rosenberg  (Tel  Aviv  University) 

63  Irreversibility  Compensation  of  SnO  Anodes  by  Li26Co04N  -  J.  Yang,  Y.  Takeda,  N. 
Imanishi  (Mie  University),  and  O.  Yamamoto  (Genesis  Research  Institute,  INC) 

64  Impedance  Measurements  of  Graphite  Negative  Electrode  for  Lithium-Ion  Batteries  - 
K.  Sawai  and  T.  Ohzuku  (Osaka  City  University) 

65  Direct  Evidence  on  Anomalous  Expansion  of  Graphite  Negative  Electrodes  on  1st 
Charge  by  Dilatometry  -  T.  Ohzuku,  N.  Matoba,  and  K.  Sawai  (Osaka  City  University) 

66  Dispersed  Silicon-Graphite  Powder:  A  High  Capacity  Anode  Material  for  Rechargeable 
Lithium-Ion  Batteries  -  J.  Niu  and  J.  Lee  (National  University  of  Singapore) 

67  Electrochemical  Performance  of  Pb3(P04)2  Anodes  in  Secondary  Lithium  Batteries  -  Z. 
Liu  (Institute  of  Materials  Research  and  Engineering)  and  J.Y.  Lee  (National  University 
of  Singapore) 

68  Electrochemical/Interfacial  Studies  of  Carbon  Films  in  Non-aqueous  Electrolytes  -  D. 
Alliata  (Paul  Scherrer  Institut),  R.  Kostecki,  X.  Song,  K.  Kinoshita  (Lawrence  Berkeley 
National  Laboratory),  and  R.  Koetz  (Paul  Scherrer  Institut) 

69  Reversible  Reaction  of  Li  with  Grain  Boundary  Atoms  in  SnMn3C  -  L.  Beaulieu 
(Dalhousie  University),  D.  Larcher  (Universite  de  Picardie-Jules  Verne),  R.  Dunlap,  and 
J.  Dahn  (Dalhousie  University) 

70  The  Influence  of  the  Structure  of  Initial  Material  and  the  Ways  of  Its  Modification  on 
Electrochemical  Properties  of  the  Graphite  Anodes  in  Lithium-Ion  Systems.  -  E. 
Shembel,  N.  Globa,  N,  Zaderey,  A.  Baskevich,  O.  Ksenzhek,  K.  Kylyvnyk,  T. 
Pastushkin  (Ukrainian  State  Chemical  Technology  University),  L.  Vishnyakov,  and  V. 
Kokhany  (Institute  for  Problems  of  Materials  Science  of  NAS  of  Ukraine) 

71  Nitride  Electrode  for  Rechargeable  Lithium  Battery  -  Y.  Nitta,  J.  Yamaura,  M. 
Hasegawa,  S.  Tsutsumi  (Matsushita  Electric  Industrial  Co.,  Ltd.),  H.  Ohzono,  and  H. 
Miyake  (Matsushita  Battery  Industrial  Co.,  Ltd.) 

72  Nano-Crystalline  Multi-Phase  Materials  from  the  Ternary  System  Ag-Sb-Sn  as  New 
Anodes  with  Increased  Lithium  Storage  Capacities  -  M.  Wachtler,  J.H.  Albering,  M. 
Winter,  and  J.O.  Besenhard  (Graz  University  of  Technology) 
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73 


74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 


87 

88 

89 

90 

91 


Influence  of  the  Binder  on  the  Cycling  Performance  of  Composite  Electrodes  with 
Nano-Structured  Lithium  Storage  Metals  and  Alloys  -  M.R.  Wagner,  M.  Wachtler,  M. 
Schmied,  P.  Preishuber-Pflugl,  F.  Stelzer,  J.O.  Besenhard,  and  M.  Winter  (Graz 
University  of  Technology) 

Anion  Intercalation  into  Heat-Treated  XP?  Coke  -  J.A.  Seel  and  J.R.  Dahn  (Dalhousie 

i 

University) 

Metallic  Anode  Materials  for  Li-ion  Batteries  -  G.  Ehrlich,  C.  Durand,  M.  Hetzel,  J. 
McGuinn  (Yardney  Technical  Products,  Inc.),  X.  Chen,  T.  Hugener,  F.  Speiss,  and  S. 
Suib  (University  of  Connecticut) 

Relation  Between  Surface  Properties  and  First-Cycle  Irreversible  Charge  Loss  of 
Graphite  Electrodes  for  Lithium-Ion  Batteries  -  F.  Joho,  B.  Rykart,  B.  Andreas,  P. 
Novak  (Paul  Scherrer  Institut),  and  S.  Michael  E.  (Timcal  Group) 

Origins  of  Reversible  and  Irreversible  Capacity  Losses  of  Graphite-Lithium  Anode  -  A. 
Martinent  and  R.  Yazami  (CNRS) 

Nanocrystalline  Mg2Sn  As  an  Anode  Materials  for  Li-ion  Battery  -  H.  Kim,  Y.-J.  Kim, 
D.-G.  Kim,  H.-J.  Sohn,  T.  Kang,  and  B.  Park  (Seoul  National  University) 

Al-Based  Active/Inactive  Composite  Anodes  for  Lithium  Rechargeable  Batteries  -  G.- 
J.  Jeong,  Y.-U.  Kim,  H.-J.  Sohn,  T.  Kang  (Seoul  National  University),  H.-R.  Kang,  and 
S.-W.  Kim  (NESS  Coroperation  Ltd.) 

The  Effect  of  Electrolyte  Temperature  on  the  Passivity  of  Solid  Electrolyte  Interphase 
formed  on  Graphite  Electrode  -  S.-I.  Pyun  and  S.-B.  Lee  (Korea  Advanced  Institute  of 
Science  and  Technology) 

Improvement  of  Charge/Discharge  Characteristics  of  Al-X-Li  Alloys  by  Means  of 
Varying  the  Alloy  Composition.  -  G.  Vladimir,  O.  Victoria,  and  B.  Aleksey  (Rostov 
State  University) 

Carbon  Electrode  Morphology  and  Thermal  Stability  of  the  Passivation  Layer  -  L. 
Fransson,  A.M.  Andersson,  A.  Hussenius,  and  K.  Edstrom  (Uppsala  University) 
Thermal  Stability  of  a  Hopg/Liquid  Electrolyte  Interface  Using  In-Situ  Electrochemical 
Atomic  Force  Microscopy  -  K.  Edstrom  and  M.  Herranen  (Uppsala  University) 

CaSi2:  A  New  Anode  Material  for  Lithium-Ion  Batteries  -  S.R.S.  Prabaharan,  T.T.  Yong 
(Multimedia  University),  and  S.  Michael  (Advanced  Materials  Research  Center) 

The  Correlation  Among  Surface  Chemistry,  3D  Structure,  Morphology, 
Electrochemical  and  Impedance  Behavior  of  Lithiated  Carbon  Electrodes  -  D.  Aurbach, 
J.  Gnanaraj  (Bar-Ilan  University),  J.  Fischer,  and  A.  Claye  (University  of  Pennsylvania) 
A  Comparison  Between  the  Electrochemical  Behavior  of  Reversible  Magnesium  and 
Lithium  Electrodes  -  D.  Aurbach,  Y.  Gofer  (Bar-Ilan  University),  A.  Schechter  (Case 
Western  Reserve  University),  O.  Chusid,  H.  Gizbar,  Y.  Cohen,  M.  Moshkovich,  and  R. 
Turgeman  (Bar-Ilan  University) 

Novel  SnS2  Anode  for  Rechargeable  Lithium  Battery  -  T.  Momma,  N.  Shiraishi,  T. 
Osaka  (Waseda  University),  A.  Gedanken,  J.  Zhu,  and  L.  Sominski  (Bar-Ilan 
University) 

The  Effects  of  Electrolyte  Composition  on  the  Electrochemcial  Behavior  of  Li- Alloy 
Electrode  -  G.-J.  Jeong  (Seoul  National  University),  Y.-J.  Kim  (Kyushu  University),  H. 
Kim,  H.-J.  Sohn,  and  T.  Kang  (Seoul  National  University) 

Amorphous  Sn-Ca  Alloy  as  Lithium  Ion  Battery  Anode  -  L.  Fang  (Institute  of  Materials 
Research  and  Engineering)  and  B.V.R.  Chowdari  (National  University  of  Singapore) 
Influence  of  Edge  and  Basal  Plane  Sites  on  the  Electrochemical  Behavior  of  Flake-Like 
Natural  Graphite  for  Li-Ion  Batteries  -  K.V.  Zaghib,  G.  Nadeau  (Institut  de  Recherche 
d'Hydro-Quebec),  and  K.  Kinoshita  (Lawrence  Berkeley  National  Laboratory) 
Nanopartical  Size  Carbon  Materials  for  Lithium  Batteries  -  B.  Banov  (Bulgarian 
Academy  of  Sciences) 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 


19 


Abs.  # 


92  Study  on  LifLii^Ti^C^  as  Anode  Material  for  Lithium  Ion  Batteries  -  M.  Arrabito 
(Polytechnic  of  Turin),  S.  Panero,  P.  Reale,  and  B.  Scrosati  (University  of  Rome  La 
Sapienza) 

93  ln-Situ  TEM  Study  of  the  Interface  Carbone/Electrolyte  -  M.  Dolle,  S.  Grugeon,  A. 
Cressent,  B.  Beaudoin,  L.  Dupont,  and  J.-M.  Tarascon  (Universite  de  Picardie  Jules 
Verne) 

94  The  Electrochemical  Behaviour  and  Structural  Changes  of  Tin-Lead  Anodes  During  Li 
Reversible  Insertion  -  A.  Momtchilov  (Bulgarian  Academy  of  Sciences) 

95  Aggregation  and  Li20  Formation  Reaction  in  the  Sn-Based  Oxide  Anodes  -  Y.-J.  Kim, 
H.-J.  Sohn,  and  T.  Kang  (Seoul  National  University) 

96  Capacity  Losses  and  Cycle  Behaviors  in  Sn-Based  Anodes  -  Y.-J.  Kim.  H.-J.  Sohn,  and 
T.  Kang  (Seoul  National  University) 

97  Hard  Carbon  Prepared  from  Anthracite  Coal  for  Lithium  Ion  Batteries  - 1.  Mochida,  C.- 
H.  Ku,  Y.-J.  Kim,  and  Y.  Korai  (Institute  of  Advanced  Material  Study) 

98  Development  and  Manufacturing  of  the  Lithium  Sources  and  Novel  Generation 
Electrode’s  Materials  in  Novosibirsk  -  V.  Afanasjev,  V.  Rozhkov,  A.  Alexandrov,  V.V. 
Moukhin  (Joint  Stock  Novosibirsk  Chemical  Concentrates  Plant),  V.N.  Mitkin  (RAS), 
V.  Purgin,  V.  Sergeev,  A.  Gorev,  M.  Medjutov,  V.  Telezhkin.  A.  Enin,  V.  Yakimov,  B. 
Antipenko,  and  V.  Ogarkov  (Joint  Stock  Novosibirsk  Chemical  Concentrates  Plant) 

99  Aluminum  Negative  Electrode  in  Lithium  Ion  Batteries  -  Y.  Hamon,  T.  Brousse  (Ecole 
Polytechnique  de  l’Universite  de  Nantes),  F.  Jousse,  P.  Topart,  P.  Buvat  (CEA  Le 
Ripault),  and  D.M.  Schleich  (Ecole  Polytechnique  de  1’Universite  de  Nantes) 

100  Influence  of  Particle  Size  and  Matrix  in  “Metal”  Anodes  for  Li-ion  Cells  -  O.  Crosnier 
(Ecole  Polytechnique  de  l’Universite  de  Nantes),  X.  Devaux  (Ecole  des  Mines  de 
Nancy),  T.  Brousse,  P.  Fragnaud,  and  D.M.  Schleich  (Ecole  Polytechnique  de 
I’ Universite  de  Nantes) 

101  Mechanically  Alloyed  Sn-V  Powders  as  Anode  Materials  for  Lithium-Ion  Batteries  -  Y. 
Xia,  T.  Sakai,  T.  Fujieda,  K.  Tatsumi  (Osaka  National  Research  Institute),  S.  Sakurai, 
and  A.  Kawabata  (Taiyokoko  Co., Ltd.) 

102  TPD/GC-MS  Analysis  of  Solid  Electrolyte  Interface  in  Propylene  Carbonate/Ethylene 
Sulfite  Electrolyte  on  Graphite  Anode  for  Lithium  Batteries  -  H.  Ota  (Center  for 
Analytical  Chemistry  and  Science,  Inc.  (CACs)),  T.  Sato,  H.  Suzuki  (Mitsubishi 
Chemical  Corporation),  and  T.  Usami  (Center  for  Analytical  Chemistry  and  Science, 
Inc.  (CACs) 

103  7Li-NMR  Study  on  Li+  Storage/De-Storage  Mechanisms  in  Non-Graphitizable 
Carbons  -  C.W.  Park,  J.K.  Hong,  and  S.M.  Oh  (Seoul  National  University) 

104  Mg2Sn:  A  New  Anode  Material  for  Rechargeable  Lithium  Batteries  -  H.  Sakaguchi,  M. 
Kubota,  H.  Honda,  and  T.  Esaka  (Tottori  University) 

105  Surface  Condition  and  Conductivity  Homogeneity:  Are  the  Key  Factors  for  Obtaining 
High  Power  and  Long  Life  Carbon  Anode  of  Li-ion  Battery  -  J.  Suzuki,  M.  Yoshida,  K. 
Yamaguchi,  M.  Kikuchi,  K.  Sekine  (Rikkyo  University),  and  T.  Takamura  (Petoca, 
Ltd.) 

106  Graphite-Metal  Oxide  Composites  as  Anode  for  Li-ion  Batteries  -  H.  Huang.  E.  Kelder, 
and  J.  Schoonman  (Delft  Interfaculty  Research  Center) 

107  Key  Factors  for  Material  Designing  of  High  Power  Carbon  Anode  of  Li-Ion  Secondary 
Battery  -  T.  Takamura  (Petoca,  Ltd.),  J.  Suzuki,  K.  Yamaguchi,  T.  Katsuta,  and  K. 
Sekine  (Rikkyo  University) 

108  Doped  Tin  Oxides  as  Potential  Lithium  Ion  Battery  Negative  Electrodes:  Effects  of 
Milling  Process  -  F.  Belliard  and  J.T.S.  Irvine  (University  of  St.  Andrews) 

109  Novel  Tin  Oxide  Based  Anodes  for  Li-Ion  Batteries  -  P.A.  Connor  and  J.T.S.  Irvine 
(University  of  St.  Andrews) 
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The  Effect  of  Lithium  Insertion  on  the  Structure  of  Tin  Oxide  Based  Glasses  -  C.  Gejke, 
E.  Zanghellini,  L.  Boijesson  (Chalmers  University  of  Technology),  L.  Fransson,  and  K. 
Edstrom  (Uppsala  University) 

Electrochemical  Properties  of  Tin-Containing  Thin  Films  -  H.  Kobayashi  (Osaka 
National  Research  Institute),  Y.  Uebou  (Ritsumeikan  University),  T.  Ishida,  S.  Tamura, 
S.  Mochizuki,  T.  Mihara,  M.  Tabuchi,  H.  Kageyama  (Osaka  National  Research 
Institute),  Y.  Yamamoto,  M.  Matsuoka,  and  J.  Tamaki  (Ritsumeikan  University) 
Antimony  Doping  Effect  on  the  Electrochemical  Behavior  of  Sn02  Thin  Film 
Electrodes  -  J.  Santos-Pena,  T.  Brousse  (University  of  Nantes),  L.  Sanchez,  J.  Morales 
(University  of  Cordoba),  and  D.M.  Schleich  (University  of  Nantes) 

Investigation  of  Solvated  and  Unsolvated  Lithium  Intercalation  Processes  into 
Graphitic  Carbons  by  Electrochemical  Dilatometry  -  G.H.  Wrodnigg  (Graz  University 
of  Technology),  P.  Novak  (Paul  Scherrer  Institute),  J.O.  Besenhard,  and  M.  Winter 
(Graz  University  of  Technology) 

Stress  Effect  on  Cycle  Properties  of  the  Silicon  Thin  film  Anode  -  S.-J.  Lee,  J.-K.  Lee, 
H.-K.  Baik  (Yonsei  University),  and  S.-M.  Lee  (Kangwon  National  University) 
Electrochemical  Properties  of  MnV206  and  Its  Derivatives  as  New  Anode  Material  for 
Lithium  Secondary  Battery  -  S.-S.  Kim,  Y.  Suzuki,  H.  Ikuta,  and  M.  Wakihara  (Tokyo 
Institute  of  Technology) 

Thermally  Oxidised  Graphites  as  Anodea  for  Lithium-Ion  Cells  -  M.  Natchi,  R. 
Meenakshisundaram,  T.  Prem  Kumar,  A.S.  Manual,  V.  Subramanian,  S.  Gopukumar, 
and  N.G.  Renganathan  (Central  Electrochemical  Research  Institute) 

X-ray  Absorption  Study  of  Cobalt  Vanadates  During  Cycling  Usable  as  Negative 
Electrode  in  Lithium  Battery  -  S.  Laruelle,  P.  Poizot  (Universite  de  Picardie  Jules 
Verne),  E.  Baudrin  (UCLA),  V.  Briois  (Centre  Universitaire  Paris  Sud),  M.  Touboul, 
and  J.-M.  Tarascon  (Universite  de  Picardie  Jules  Verne) 

Reversible  Li  Uptake  in  Fe3B06,  a  New  Anode  Material  -  J.  Gaubicher,  L.  Nazar,  and 
J.  Rowsell  (University  of  Waterloo) 

Structural  and  Mechanistic  Studies  of  Intermetallic  Electrodes  -  J.T.  Vaughey,  C.S. 
Johnson,  B.  Roy,  M.M.  Thackeray  (Argonne  National  Laboratory),  L.  Fransson,  K. 
Edstrom,  and  J.  Thomas  (Uppsala  University) 

Modified  Carbons  for  Improved  Anodes  in  Lithium  Ion  Cells  -  H.  Buqa,  P.  Golob,  M. 
Winter,  and  J.O.  Besenhard  (Graz  University  of  Technology) 

Surface  Modification  of  Graphite  Anodes  by  Combination  of  High  Temperature  Gas- 
Treatment  and  Silylation  in  Nonaqueous  Solution  -  M.  Santis,  H.  Buqa,  C.  Grogger, 
J.O.  Besenhard,  and  M.  Winter  (Graz  University  of  Technology) 

Effects  of  Synthesis  Condition  of  Graphitic  Carbon  Tube  on  Anodic  Property  of  Li  Ion 
Battery  -  T.  Ishihara,  A.  Kawahara,  H.  Nishiguchi  (Oita  University),  M.  Yoshio  (Saga 
University),  and  Y.  Takita  (Oita  University) 

Anodic  Property  of  Graphitic  Carbon  Nanotube  in  Propylene  Carbonate  Based  Organic 
Electrolyte  -  A.  Kawahara,  T.  Ishihara,  H.  Nishiguchi  (Oita  University),  M.  Yoshio 
(Saga  University),  and  Y.  Takita  (Oita  University) 

Improved  Rate  Performance  of  Active  Materials  Coated  on  Surface-Modified  Carbon 
Black  -  H.  Huang  and  L.  Nazar  (University  of  Waterloo) 

Electrochemistry  and  Impedance  Analysis  of  Intermetallic  Electrodes  for  Lithium-Ion 
Batteries  -  C.S.  Johnson,  J.T.  Vaughey,  D.W.  Dees,  A.N.  Jansen,  M.M.  Thackeray 
(Argonne  National  Laboratory),  T.  Sarakonsri,  and  S.A.  Hackney  (Michigan 
Technological  University) 

Benchmark  Study  on  High  Performing  Carbon  Anode  Materials  -  C.  Lampe-Onnerud, 
J.  Shi,  B.  Barnett,  and  P.  Onnerud  (Arthur  D.  Little,  Inc.) 

Effects  of  SEI  on  the  Kinetics  of  Lithium  Intercalation  -  R.  Bugga,  M.  Smart,  and  S. 
Surampudi  (Jet  Propulsion  Laboratory) 
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128  In  Situ  AFM  Observation  of  Lithium  Deposition  at  Elevated  Temperatures  -  R.  Mogi, 
M.  Inaba,  T.  Abe,  and  Z.  Ogumi  (Kyoto  University) 

129  Boronated  Mesophase  Pitch  Coke  for  Lithium  Insertion  -  E.  Frackowiak  (Poznan 
University  of  Technology),  J.  Machnikowski  (Technical  University),  and  F.  Beguin 
(CNRS-Universite) 

130  A  Composite  Carbonaceous  Anode  Material  for  Lithium  Ion  Batteries  -  G.  Zhang,  J. 
Han,  C.  Du,  Y.  Chen,  and  Q.  Liu  (University  of  Science  and  Technology  Beijing) 

131  Electrochemical  Lithium  Intercalation  in  Ti02  with  Ramsdellite  Structure  -  R.  Amandi, 
A.  Kuhn,  and  F.  Garcia-Alvarado  (Universidad  San  Pablo  CEU) 

132  Investigation  of  Lead  Tin  Fluorides  as  Possible  Negative  Electrodes  for  Li-Ion  Batteries 

-  L.  Garza,  P.A.  Connor,  F.  Belliard  (St.  Andrews  University),  L.  Torres  (UANL),  and 
J.T.S.  Irvine  (St.  Andrews  University) 

133  A  Microtextural  Approach  of  Lithium  Insertion  in  Hard  Carbons  :  The  “Corridor” 
Model  -  S.  Gautier  (CNRS-University),  E.  Frackowiak  (Poznan  University  of 
Technology),  F.  Chevallier,  J.N.  Rouzaud,  and  F.  Beguin  (CNRS-University) 

134  Neutron  Diffraction  Studies  on  Lithium  Non-Graphitizable  Carbon  -  R.  Kanno,  A. 
Hirano  (Kobe  University),  T.  Kaminya  (University  of  Tsukuba),  K.  Tatsumi  (Osaka 
National  Research  Institute),  M.A.  Mostafa,  M.  Furusaka,  and  T.  Otomo  (High  Energy 
Accelarator  Research  Organization) 

135  Investigation  of  the  Solid  Electrolyte  Interface  Film  on  the  Graphitic  Anodes  Surface  - 
D.  Zane  (CNR-Italy),  A.  Antonini,  and  M.  Pasquali  (University  of  Rome  "La 
Sapienza") 

136  Determination  of  the  Ratio  of  Basal  Plane  Surfaces  and  Prismatic  Surfaces  of  Graphites 
And  its  Impact  on  Graphite  Anode  Performance  in  Lithium  Ion  Batteries  -  J.P.  Olivier 
(Micromeritics  Instrument  Corp,  Inc.),  P.  Golob,  and  M.  Winter  (Graz  University  of 
Technology) 

137  First  Principles  Calculations  for  Li  Insertion  into  InSb  -  R.  Benedek,  M.M.  Thackeray 
(Argonne  National  Laboratory),  L.  Yang  (Lawrence  Livermore  National  Laboratory), 
and  R.  Prasad  (Indian  Institute  of  Technology  Kanpur) 

138  Phase  Separation  and  Amorphization  in  Lithium  Inserted  Cu-In-Sn  Sulfospinels. 
Theoretical  and  Experimental  Approach  -  R.  Dedryvere  (Universite  Montpellier  II),  S. 
Denis  (CNRS),  P.E.  Lippens,  J.  Olivier-Fourcade,  and  J.-C.  Jumas  (Universite 
Montpellier  II) 

139  Experimental  and  Theoretical  Analysis  of  Li  Insertion  Mechanisms  in  Anode  Materials 

-  J.  Chouvin,  P.E.  Lippens  (Universite  Montpellier  II),  C.  Perez  Vicente  (Universidad  de 
Cordoba),  J.  Olivier-Fourcade,  and  J.-C.  Jumas  (Universite  Montpellier  II) 

140  The  Effects  of  Chemical  Composition  of  Adsorbed  Organic  Molecular  Layers  on 
Lithium  Electrode/Polymer  Electrolyte  Interface  Stabilization  -  M.  Le  Granvalet- 
Mancini  (Universite  de  Nantes),  S.  Gadad,  and  D.  Teeters  (The  University  of  Tulsa) 

Cathodes  Posters 

Co-Chairs:  K.  M.  Abraham  and  S.  Panero 

141  Synthesis  and  Characterization  of  Li2Mn409  Cathode  Material  -  W.P.  Kilroy,  W.A. 
Ferrando,  and  S.  Dallek  (Naval  Surface  Warfare  Center) 

142  Preparation  and  Characterization  of  Lil+xCoyMn2_y04  Spinel  for  Lithium  Battery 
Applications  -  B.W.  Lee  and  S.H.  Kim  (Korea  Maritime  University) 

143  Highly  Rechargeable  LixMnj.yMey02  Mixed  Oxides  Synthesized  via  LT  Techniques  - 
S.  Franger,  S.  Bach,  J.-P.  Pereira-Ramos,  and  N.  Baffler  (CNRS) 

144  Voltage  Prediction  from  Coulomb  Potential  Created  by  Atoms  of  a  Cathode  Active 
Material  for  Li  Ion  Cells  -  J.-I.  Yamaki,  M.  Egashira,  and  S.  Okada  (Kyushu  University) 
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145  Influences  of  the  Electrolyte  Composition  on  the  Charge  and  Dischareg  Characteristics 
of  LiCr01Mn19O4  Positive  Electrode  -  M.  Morita,  T.  Nakagawa,  O.  Yamada,  N. 
Yoshimoto,  and  M.  Ishikawa  (Yamaguchi  University) 

146  Cathode  Material  For  Primary  Lithium  Cells  Based  On  Modified  Manganese  Dioxide 

-  N.D.  Ivanova,  Y.Y.  Boldyrev,  and  G.V.  Sokolsky  (Ukrainian  Academy  of  Sciences) 

147  Advantages  of  LiNi0  8Co0  202  Blending  into  Li1+xMn2_x04  Cathode  -  T.  Numata,  C. 
Kanbe,  M.  Shirakata,  and  M.  Yonezawa  (NEC  Corporation) 

148  Pyrolysis/GC/MS  Analysis  of  the  Surface  Film  Formed  on  Graphite  Negative  Electrode 

-  Z.  Ogumi,  A.  Sano,  M.  Inaba,  and  T.  Abe  (Kyoto  University) 

149  Corrosion  of  Cathodic  Sulphide  Materials  in  Melted  Ionic  Salt  Electrolytes  -  V.A. 
Dusheiko,  V.V.  Radshenko,  and  V.U.  Buryak  (Kiev  State  Trade  and  Economic 
University) 

150  A  Novel  Method  for  Preparing  Lithium  Manganese  Oxides  and  its  Electrochemical 
Characteristics  -  Y.  Azuma,  K.  Katayama  (Tokai  University),  and  M.  Suhara  (Seimi 
Chemical  Co.,  Ltd.) 

151  Structure  and  Electrochemical  Properties  of  the  New  Layered  Li3Cu204  and 
Li2(Na0  687Li0.3i3)Cu2O4  -  E.  Raekelboom,  A.  Hector,  M.  Weller,  and  J.  Owen 
(University  of  Southampton) 

152  Physical  and  Electrochemical  Characterisation  of  LiNi0  8Co0  202  Thin  Film  Electrodes 
Deposited  by  Laser  Ablation  -  G.X.  Wang,  M.J.  Lindsay,  M.  Ionescu,  D.H.  Bradhurst, 

S. X.  Dou,  and  H.K.  Liu  (University  of  Wollongong) 

153  Effects  of  Conducting  Carbonon  the  Electrochemical  Performance  of  LiCo02  and 
LiMn204  Cathodes  -  Z.  Liu  (National  University  of  Singapore),  J.Y.  Lee  (National 
University  of  Singapore),  and  H.J.  Lindner  (National  University  of  Singapore) 

154  Structure  and  Electrochemical  Properties  of  LiSiyCo1.y02  Cathode  for  Lithium 
Rechargeable  Battery  -  T.  Zhiyuan,  X.  Jianjun,  L.  Jiangang,  and  C.  Gaoping  (Tianjin 
University) 

155  Spontaneous  Modification  of  the  Electrode  Surface  in  Contact  with  Non-Aqueous 
Electrolyte  -  D.  Ostrovskii,  P.  Jacobsson  (Chalmers  University  of  Technology),  F. 
Ronci,  and  B.  Scrosati  (University  "La  Sapienza") 

156  Improvement  of  Cycle  Performance  of  Orthorhombic  LiMn0  95-xMxCrg  q502;  M=A1, 
Ga,  Yb,  Y  and  In,  Synthesized  by  Hydrothermal  Technique  -  T.  Sakurai,  T.  Kimura,  and 

T.  Sugihara  (Mitsubishi  Materials  Corporation) 

157  Electrochemical  Synthesis,  Characterization  and  Lithium  Insertion  Behavior  of  e- 
M0 1 5 V  {2)0(5}  Compounds  (M=Ni2+,  Cu2+,  Mn4+)  -  E.  Potiron,  A.  Le  Gal  La  Salle, 
A.  Verbaere,  Y.  Piffard,  and  D.  Guyom  ard  (University  of  Nantes) 

158  Synthesis  by  Sol-Gel  Process  and  Characterization  of  LiCr-xMn2.x04  Cathode 
Materials  -  T.  Zhiyuan,  L.  Jiangang,  X.  Jianjun,  and  C.  Gaoping  (Tianjin  University) 

159  Lithiated  Electrolytic  Oxides  of  d-Metals  in  Cathodes  of  Lithium  Accumulators  -  E. 
Shembel,  R.  Apostolova,  V.  Nagimy  (Ukrainian  State  Chemical  Technology 
University),  D.  Aurbach,  and  B.  Markovsky  (Bar-Ilan  University) 

160  Improved  LiCo02  for  Li-ion  Battery  Applications  -  Y.  Gao,  M.  Yakovleva,  and  J.  Engel 
(FMC  Corporation) 

161  Li-Insertion  Behavior  in  Nanocrystalline  Ti02-(Mo03)z  Core-Shell  Materials  -  G. 
Moore,  A.  Le  Gal  La  Salle,  D.  Guyomard  (CNRS  -  University  of  Nantes),  and  S.  Elder 
(Pacific  Northwest  National  Laboratory) 

162  Relationship  Between  Cycling  Performance  and  Structural  Phase  Transitions  of 
Li1+yMn2_y04  Cathode  Materials  Studied  by  Synchrotron  X-ray  Diffraction  -  X.-Q. 
Yang,  X.  Sun,  M.  Balasubramanian,  J.  McBreen  (Brookhaven  National  Laboratory),  Y. 
Xia,  T.  Sakai  (Osaka  National  Research  Institute),  and  M.  Yoshio  (Saga  University) 

163  Preparation  and  Electrochemical  Properties  of  LiAlyMn2_y04  -  Q.  Zhong  (E-One  Moli 
Energy  (Canada)  Limited),  J.  Faiers  (Simon  Fraser  University),  and  U.  von  Sacken  (E- 
One  Moli  Energy  (Canada)  Limited) 
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164  New  Phases  and  Phase  Transitions  Observed  in  Over-Charged  States  of  LiCoO?  based 
Cathode  Materials  -  X.  Sun,  X.-Q.  Yang,  J.  McBreen  (Brookhaven  National 
Laboratory),  Y.  Gao,  M.  Yakovleva  (FMC  Corporation),  X.-K.  Xing,  and  M.  Daroux 
(Gould  Electronics  Inc) 

165  Structural  Behavior  of  Some  NASICON  Compounds  upon  Lithium  Electrochemical 
Intercalation/Deintercalation  -  J.  Gaubicher  (Universite  Pierre  et  Marie  Curie),  G. 
Vaughan  (European  Synchrotron  Radiation  Facility  (ESRF)),  C.  Masquelier,  C.  Wurm 
(Laboratoire  de  Chimie  des  Solides),  Y.  Chabre  (Universite  Joseph-Fourier,  and  CNRS), 
and  L.  Nazar  (University  of  Waterloo) 

166  Electroactivity  of  Natural  and  Synthetic  Triphylite  -  N.  Ravet,  Y.  Chouinard  (Universite 
de  Montreal),  J.-F.  Magnan,  S.  Besner  (Hydro  Quebec),  M.  Gauthier,  and  M.  Armand 
(Universite  de  Montreal) 

167  The  Kinetics  of  Lithium  Transport  Through  Li)_dCo02  Thin  Film  Electrode  by 
Theoretical  Analysis  of  Current  Transient  and  Cyclic  Voltammogram  -  S -I.  Pyun  and 
H.-C.  Shin  (Korea  Advanced  Institute  of  Science  and  Technology) 

168  Lithium  Transport  Through  Li1.dMn204  Electrode  Involving  the  Ordering  of  Lithium 
Ions  -  S.-I.  Pyun  and  S.-W.  Kim  (Korea  Advanced  Institute  of  Science  and  Technology) 

169  Analysis  of  Lithium  Transport  Through  Vanadium  Pentoxide  by  Using  Potentiostatic 
Current  Transient  Technique  -  S.-I.  Pyun  and  M.-H.  Lee  (Korea  Advanced  Institute  of 
Science  and  Technology) 

170  Synthesis  of  LiAlyCOj_y02  Using  Acrylic  Acid  and  its  Electrochemical  Properties  for 
Li  Rechargeable  Batteries  -  K.Y.  Chung,  W.-S.  Yoon,  and  K.-B.  Kim  (Yonsei 
University) 

171  A  Study  on  the  Effect  of  Lithium  Deintercalation  on  the  Local  Structure  of  LiAlyCoj, 
y02  Cathodes  Using  X-ray  Absorption  Spectroscopy  -  W.-S.  Yoon,  K.-K.  Lee,  and  K.- 
B.  Kim  (Yonsei  University) 

172  Electrochemical  Characterization  of  Layered  LiCo02  Films  Prepared  by  Electrostatic 
Spray  Deposition  -  S.-H.  Ban,  W.-S.  Yoon,  and  K.-B.  Kim  (Yonsei  University) 

173  Electrical  and  Thermal  Properties  of  LiNi,_yCoy02  (0<=y<=0.2)  During  Initial  Cycle  - 
K.-K.  Lee,  W.-S.  Yoon,  and  K.-B.  Kim  (Yonsei  University) 

174  Characterization  of  LiNi085Co010M005O2  (M=Co,  Al,  Fe)  for  Lithium  Secondary 
Batteries  -  K.-K.  Lee,  W.-S.  Yoon,  and  K.-B.  Kim  (Yonsei  University) 

175  Correlation  Between  Structural  and  Electrochemical  Properties  of  Some  Lithium-Metal 
Vanadates  -  M.  Arrabito,  S.  Bodoardo,  N.  Penazzi  (Politecnico  di  Torino),  S.  Panero,  B. 
Scrosati  (Universita  “La  Sapienza”),  X.  Guo,  Y.  Wang,  and  S.  Greenbaum  (Hunter 
College  of  CUNY) 

176  Mechanisms  of  Manganese  Spinels  Dissolution  and  Capacity  Fade  at  High 
Temperature  -  T.  Aoshima,  K.  Okahara,  C.  Kiyohara,  and  K.  Shizuka  (Mitsubishi 
Chemical  Corporation) 

177  Defect  Structure  of  Li-Mn-0  Spinels  Prepared  at  Different  Annealing  Temperatures  - 
S.  Ishida  and  K.  Numata  (Mitsui  Mining  &  Smelting  Co..  Ltd.) 

178  On  the  Correlation  Between  the  Electroanalytical  Behavior  and  Crystallographic 
Features  of  Li  Intercalation  Electrodes  -  D.  Aurbach,  M.  Levi,  E.  Levi  (Bar-Ilan 
University),  U.  Heider,  R.  Oesten,  and  M.  Schmidt  (Merck  KGaA) 

179  Li  Insertion  into  Thin  Vacuum-Deposited  V205  Films  Characterized  by  a  Variety  of  In- 
Situ  Techniques  -  D.  Aurbach,  M.  Levi  (Bar-Ilan  University),  L.  Zhonghua  (Dalhousie 
Unversity),  M.  Moskovich,  Y.  Cohen,  and  E.  Levi  (Bar-Ilan  University) 

180  Study  of  Lithium  Insertion  into  Electrochemically  Synthesized  Sodium  Vanadate  -  D. 
Aurbach,  B.  Markovsky,  G.  Salitra,  Y.  Cohen  (Bar-Ilan  University).  E.  Shembel,  R. 
Apostolova,  and  V.  Nagirny  (Ukrainian  State  Chemical  Technology  University) 

181  Characterization  of  LiFeP04  as  the  Cathode  Material  for  Rechargeable  Lithium 
Batteries  -  M.  Takahashi,  S.  Tobishima,  K.  Takei,  and  Y.  Sakurai  (NTT) 
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Magnesium  Insertion  into  Mg0  5+y(FeyTi1.y)2(P04)3  -  K.  Makino,  Y.  Katayama,  T. 
Miura,  and  T.  Kishi  (Keio  University) 

Preparation  of  Todorokite  Mn02  for  Rechargeable  Battery  Cathode  -  N.  Kumagai,  S. 
Komaba,  H.  Sakai,  and  N.  Kumagai  (Iwate  University) 

A  Study  on  the  Preparation  and  Characterization  of  Au-Codeposited  LiMn.204 
Electrode  -  M.-R.  Lim  and  K.-B.  Kim  (Yonsei  University) 

Lithium  and  Proton  Insertion  in  Spinel  Structured  Manganese  Oxides  -  M.S.  Islam 
(University  of  Surrey),  B.  Ammundsen,  and  J.  Roziere  (Universite  Montpellier  II) 
Synthesis  and  Characterization  of  Nonstoichiometric  LiCo02  -  M.  Fujii,  N.  Imanishi, 
and  Y.  Takeda  (Mie  University) 

Yttrium-Doped  Li(Ni,Co)02:  An  Improved  Cathode  for  Li-Ion  Battery  -  G.V.S.  Rao 
(Institute  of  Materials  Research  and  Engineering),  B.R.  Chowdari  (National  University 
of  Singapore),  and  H  J.  Lindner  (Institute  of  Materials  Research  and  Engineering) 
Electrochemical  Properties  of  Li-Mn-Spinel  Using  Hydrothermal  Method  -  T. 
Kanasaku,  K.  Amezawa,  and  N.  Yamamoto  (Kyoto  University) 

Synthesis  Process  of  Lithited  or  Overlithiated  Manganese  Oxide  Active  Materials  for 
Positive  Electrode  -  H.  Rouault,  F.  Le  Cras,  C.  Bourbon,  and  D.  Bloch  (Commissariat 
Energie  Atomique) 

General  Behaviour  Upon  Cycling  of  LiNiV04  as  Battery  Electrode  -  C.  Rossignol  and 
G.  Ouvrard  (Institut  des  Materiaux  Jean  Rouxel) 

Microimpedance  Spectroscopy  of  Cathode  Materials  Prepared  from  Polyelectrolyte- 
Pre-tretead  Particles  -  A.  Sever  Skapin,  M.  Bele,  J.  Drofenik,  R.  Dominko  (National 
Institute  of  Chemistry),  S.  Pejovnik  (University  of  Ljubljana),  and  M.  Gaberscek 
(National  Institute  of  Chemistry) 

Li2Mn409  Revisited:  Crystallographic  and  Electrochemical  Studies  -  P.  Strobel,  A. 
Ibarra  Palos,  and  M.  Anne  (C.N.R.S.) 

Structural  and  Electrochemical  Studies  of  Layered  Li(Mn1.yM)02  Based  Compounds. 
I.  M  =  Co  -  A.D.  Robertson,  A.R.  Armstrong,  A  J.  Fowkes,  and  P.G.  Bruce  (University 
of  St.  Andrews) 

Cyclic  Voltammetric  Study  on  Stoichiometric  Spinel  LiMn204  Electrode  at  Elevated 
Temperature  -  S.  Ma,  H.  Noguchi,  and  M.  Yoshio  (Saga  University) 

Electrical  Conductivity  and  Structural  Behaviour  of  Li(I+x)MM'(P04)3(M,M'=Fe,Zr,Ti) 
Phases  -  C.M.  Mari,  R.  Ruffo,  and  M.  Catti  (University  of  Milano-Bicocca) 
y-Mn02  Compounds  as  Insertion  Hosts  for  Li+  and  H+  -  S.  Sylvere,  J.  Severine, 
L.G.L.S.  Annie,  P.  Yves,  and  G.  Dominique  (University  of  Nantes) 

Charge  Ordering  in  Li05CoO2?  A  Single-Crystal  XRD  Study  -  J.  Howing,  T. 
Gustafsson,  J.  Thomas  (Uppsala  University),  and  H.  Sakaebe  (ONRI  -  Osaka) 
Synthesis  of  Li2M1+xMn3_x08(M=Co,  Fe)  as  Positive  Active  Material  for  Lithium  Cells 
-  S.  Panero,  D.  Satolli,  and  B.  Scrosati  (University  of  Rome  La  Sapienza) 

Lithiated  Cobaltates  for  Li-Ion  Batteries.  Structure,  Morphology  and  Electrochemistry 
of  Oxides  Grown  by  Solid-Sate  Reaction,  Wet  Chemistry  and  Film  Deposition  -  J. 
Christian  (LMDH  Universite  Pierre  et  Marie  Curie) 

Evidence  for  Structural  Defects  in  Non-Stoichiometric  HT-LiCo02:  Electrochemical, 
Electronic  Properties  and  Li  MAS  NMR  Studies  -  S.  Levasseur,  M.  Menetrier,  and  C. 
Delmas  (Institut  de  Chimie  de  la  Matiere  Condensee  de  Bordeaux  CNRS  and  Ecole 
Nationale  Superieure  de  Chimie  et  de  Physique  de  Bordeaux) 

Synthesis  of  Nanocrystalline  Layered  Manganese  Oxides  by  the  Electrochemical 
Reduction  of  AMn04  (A=K,  Li)  -  G.  Moore,  R.  Portal,  A.  Le  Gal  La  Salle,  and  D. 
Guyomard  (CNRS  -  University  of  Nantes) 

LiMB03  (M=Mn,  Fe,  Co)  Orthoborates  :  Synthesis,  Crystal  Structure  and  Lithium 
Deinsertion/Insertion  Properties  -  L.  Vanessa,  L.G.L.S.  Annie,  P.  Yves,  V.  Alain,  and  G. 
Dominique  (CNRS-University  of  Nantes-Chemin  de  la  Houssiniere ) 


10th  International  Meeting  on  Lithium  Batteries  •  " Lithium  2000 


25 


Abs.  # 


203  Electrochemical  Investigetions  of  Pure  and  Poped  Lithium  Cobaltate  -  A.  Momtchilov 
(Bulrarian  Academy  of  Sciences) 

204  Electrochemical  and  In  Situ  Structural  Investigation  of  LixNi08Co0  202  -  A.  D'Epifanio, 
F.  Croce,  L.  Persi,  F.  Ronci,  and  B.  Scrosati  (University  of  Rome  “La  Sapienza”) 

205  Synchrotron  X-Ray  Diffraction  Study  of  the  Spinel  LiMn204  at  Low  Temperatures  -  G. 
Rousse,  C.  Masquelier  (Universite  Paris-Sud),  J.  Rodriguez-Carvajal  (CNRS),  E. 
Elkaim,  and  J.-P.  Lauriat  (Universite  Paris-Sud) 

206  Electrochemical  Performances  of  Different  Li-V0P04  Systems  -  N.  Dupre,  J. 
Angenault,  G.  Wallez,  and  M.  Quarton  (Universite  Pierre  et  Marie  Curie)  Wallez,  and 
M.  Quarton  (Universite  Pierre  et  Marie  Curie) 

207  Structural  Transformation  Associated  with  the  Extra  3.3  and  4.5V  in  Spinel  LiMn204  - 

R.  Gwenaelle  (Universite  Paris-Sud),  D.  Loic  (Universite  de  Picardie),  H.  Maryvonne 
(CRISMAT),  M.  Mathieu  (Universite  de  Picardie),  P  .  Maria  Rosa  (ICMAB  (CSIC)), 
M.  Christian  (Universite  Paris-Sud),  and  T.  Jean-Marie  (Universite  de  Picardie) 

208  Influence  of  the  Synthesis  Conditions  of  LiMn204  on  the  Extent  of  the  Spinel  to  Double 
Hexagonal  Transformation  Associated  to  the  Anomalous  3.3/3.95  V  and  4.5  V  Redox 
Steps  -  R.M.  Palacin  (ICMAB  (CSIC)),  G.  Rousse  (Universite  de  Paris-Sud),  M. 
Morcrette,  L.  Dupont  (Universite  de  Picardie  and  CNRS),  C.  Masquelier  (Universite  de 
Paris-Sud),  Y.  Chabre  (University  Josep  Fourier  Grenoble  and  CNRS),  and  J.-M. 
Tarascon  (Universite  de  Picardie  and  CNRS) 

209  Performance  and  Mechanical  Safety  of  26650-size  Mn-spinel  Li-ion  Cells  for  High 
Power  Applications  -  A.M.  Wilson,  W.  Chow,  and  U.  von  Sacken  (E-One  Moli  Energy 
(Canada)  Limited) 

210  Use  of  Aluminum  Vanadates  as  Cathodes  in  Lithium  Rechargeable  Cells  -  E. 
Andrukaitis,  I.  Hill,  and  G.  Torlone  (Department  of  National  Defence  (Canada)) 

211  Boron  Additives  to  Lithiated  Cobalt  Dioxide  and  Lithiated  Nickel-Cobalt  Dioxide  for 
Lithium  Ion  Cells  -  G.  Blomgren  (Blomgren  Consulting  Services  Ltd.) 

212  Manganese  Spinel  Li-ion  Cells  With  Improved  High  Temperature  Characteristics  -  W. 
Chow,  M.  Zhang,  Y.  Wang,  J.  Reimers,  and  U.  von  Sacken  (E-One  Moli  Energy 
(Canada)  Limited) 

213  Mechanochemical  Synthesis  Of  LiyMn204_d:  Positive  Electrode  for  Lithium  Batteries  - 

S.  Soiron,  A.  Rougier,  L.  Aymard,  and  J.M.  Tarascon  (Laboratoire  de  Reactivite  et 
Chimie  des  Sol  ides) 

214  Two-Phase  LiCo02  based  Oxides  for  Rechargeable  Lithium  Batteries  -  F.  Croce 
(Universita  “La  Sapienza”),  H.-P.  Lin,  H.C.A.  Shiao,  M.  Salomon  (Max  Power  Inc.),  J. 
Wolfenstine  (Army  Research  Lab.),  W.  Lada,  A.  Deptula  (Institute  of  Nuclear 
Chemistry  and  Techn.),  and  D.  Chua  (Max  Power  Inc.) 

215  Defect  Spinel  Li8tl/ll+4Mn8/n+404  Cathode  Materials  for  Lithium  Polymer  Batteries  -  Y. 
Xia  (Osaka  National  Research  Institute),  K.  Takahashi  (Japan  Metals  &  Chemicals  Co., 
Ltd.),  T.  Sakai,  K.  Tatsumi,  T.  Fejieda  (Osaka  National  Research  Institute),  and  M. 
Yoshio  (Saga  University) 

216  7Li  MAS-NMR  and  Electrochemical  Studies  of  LiMn204-Based  Spinels  for  Lithium 
Rechargeable  Batteries  -  M.C.  Tucker,  J.A.  Reimer,  and  E.J.  Cairns  (University  of 
California,  Berkeley) 

217  Mechanochemical  Way  for  Preparation  of  Disordered  Lithium-Manganese  Spinel 
Compounds  -  N.  Kosova,  E.  Devyatkina,  N.  Uvarov  (Institute  of  Solid  State 
Chemistry),  and  S.  Kozlova  (Institute  of  Inorganic  Chemistry) 

218  In  Situ  XAFS  Analysis  of  the  Li  Deintercalation  Process  of  Li(Mn,  M)2  04  (M=Cr,  Co, 
Ni),  Cathode  Materials  for  5V  Lithium  Batteries  -  I.  Nakai  (Science  University  of 
Tokyo) 

219  ESR  Analysis  of  Electrochemical  Oxidation  on  Cathode  in  a  Lithium  Ion  Battery  -  H. 
Kurokawa,  T.  Ota,  S.  Matsuta,  Y.  Kato,  S.  Yoshimura,  S.  Fujitani,  and  I.  Yonezu  (Sanyo 
Electric  Co.  Ltd.) 


10th  International  Meeting  on  Lithium  Batteries  •  "Lithium  2000 


220  Preparation  of  Lithium  Manganese  Oxides  Including  Iron  -  M.  Tabuchi,  H.  Shigemura, 
K.  Ado,  H.  Kobayashi,  H.  Sakaebe,  H.  Kageyama  (Osaka  National  Research  Institute), 
and  R.  Kanno  (Kobe  University) 

221  In  Situ  Neutron  Powder  Diffraction  Analysis  of  the  Li  Deintercalation  Process  of 
Lit  jMnj  904  -  Y.  Terada  (Science  University  of  Tokyo) 

222  In  Situ  Total  Reflection  X-ray  Fluorescence  Analysis  of  Mn  Dissolution  from  LiMn204 
During  Charge-Discharge  Process  of  the  Li  Secondary  Battery  -  Y.  Nishiwaki,  Y. 
Terada,  and  L  Nakai  (Science  University  of  Tokyo) 

223  Lithium  Ion  Transport  Through  LiCo02  Thin-Film  Electrode  Under  Intercalation- 
Induced  Stress  -  J.-K.  Lee,  S.-J.  Lee,  H.-K.  Baik  (Yonsei  University),  and  S.-M.  Lee 
(Kangwon  National  University) 

224  Local  Structure  of  Substituted  Layered  LiMn02  Cathode  Materials  Probed  by  X-ray 
Absorption  Fine  Structure  and  6Li  Nuclear  Magnetic  Resonance  -  B.  Ammundsen,  H. 
Desilvestro,  R.  Steiner,  P.  Pickering  (Pacific  Lithium  Limited),  D.  Jones,  J.  Roziere 
(Laboratoire  des  Agregats  Moleculaires  et  Materiaux  Inorganiques),  Y.J.  Lee,  C.  Pan, 
and  C.  Grey  (State  University  of  New  York  at  Stony  Brook) 

225  LiMoVOg  -  A  Candidate  Cathode  Material  for  Solid-Polymer  Batteries  at  Elevated 
Temperatures  -  H.  Sakaebe,  M.  Shikano,  Y.  Xia,  T.  Sakai  (Osaka  National  Research 
Institute,  AIST),  T.  Eriksson,  T.  Gustafsson,  and  J.  Thomas  (Uppsala  University) 

226  Structure,  Phase  Relationship  and  Transitions  in  Lithium  Manganese  Oxide  Spinel  -  R. 
Kanno,  M.  Yonemura,  Y.  Kawamoto  (Kobe  University),  M.  Tabuchi  (Osaka  National 
Research  Institute),  and  T.  Kamiyama  (University  of  Tsukuba) 

227  Storage  and  Cycling  Performance  of  Stoichiometric  Spinel  at  Elevated  Temperatures  - 
X.  Wang,  Y.  Yagi  (Saga  University),  Y.  Xia,  T.  Sakai  (Osaka  National  Research  Institute 
of  Japan),  and  M.  Yoshio  (Saga  University) 

228  Capacity  Failure  of  Lithium  Manganese  Oxide  Spinel  Cathode  at  Elevated  Temperature 
-  M.  Okada,  K.  Kamioka,  T.  Mouri  (Tosoh  Corporation),  and  M.  Yoshio  (Saga 
University) 

229  Synthesis  and  Characterization  of  Lithium  Managanese  Oxides  for  Rechargeable  3  V 
Lithium  Batteries  -  A.  Pemer,  M.  Wohlfahrt-Mehrens  (Center  for  Solar  Energy  and 
Hydrogen  Research),  K.  Holl  (VARTA  Batteries  AG),  J.  Garche  (Center  for  Solar 
Energy  and  Hydrogen  Research),  and  D.  Ilic  (VARTA  Batteries  AG) 

230  MALDI-MS  Spectroscopic  Analysis  of  Products  on  LiMn204  Electrode  -  T. 
Fukushima,  Y.  Matsuda,  T.  Abura,  and  R.  Arakawa  (Kansai  University) 

231  Effect  of  Aluminum  Addition  in  Co  Substituted  Ni  Oxide  Cathodes  -  M.  Kanda,  Y. 
Tatebayashi,  M.  Sekino,  Y  Isozaki,  and  I.  Mitsuishi  (Toshiba  Corporation) 

232  Cathode  Properties  of  Phospho-Olivine  LiMP04  for  Lithium  Secondary  Batteries  -  S. 
Okada,  S.  Sawa,  M.  Egashira,  J.-I.  Yamaki  (Kyushu  University),  M.  Tabuchi,  H. 
Kageyama  (Osaka  National  Research  Institute),  T.  Konishi,  and  A.  Yoshino  (Asahi 
Chemical  Industry  Co.,  Ltd.) 

233  Soft-Combustion  Synthesis  of  a  New  Cathode-Active  Material,  LiVW06,  for  Li-Ion 
Batteries  -  S.R.S.  Prabaharan  (Multimedia  University),  C.C.  Pei,  A.F.  Mohd  Noor 
(Universiti  Sains  Malaysia),  and  M.S.  Michael  (SIRIM  Bhd) 

234  Electrochemical  Characterization  of  a  New  High  Capacity  Cathode  -  C.  Storey 
(National  Reserch  Council  of  Canada),  I.  Kargina,  Y.  Grincourt,  I.  Davidson,  Y.  Yoo 
(National  Research  Council  of  Canada),  and  D.-Y.  Seung  (Samsung  Advanced  Institute 
of  Technology  (SAIT)) 

235  Continuous  Production  of  Cathode  Materials  for  Lithium  Batteries  by  Hydrothermal 
Synthesis  Under  Supercritical  Condition  -  Y.  Hakuta,  T.  Adschiri  (Tohoku  University), 
K.  Kanamura  (Tokyo  Metropolitan  University),  and  K.  Arai  (Tohoku  University) 
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236  Synthesis,  Structure,  and  Charge-Discharge  Characteristics  of  the  New  Layered  Oxides 
at  Li(  8Ir0  6M0  6O3(M=Fe,Co,Ni)  -  H.  Kobayashi  (Osaka  National  Research  Institute), 
M.  Waki  (Osaka  Electro-Communication  University),  Y.  Uebou  (Ritsumeikan 
University),  M.  Tabuchi,  H.  Kageyama  (Osaka  National  Research  Institute),  Y. 
Takigawa  (Osaka  Electro-Communication  University),  Y.  Yamamoto,  M.  Matsuoka, 
and  J.  Tamaki  (Ritsumeikan  University) 

237  The  Lii_z(Ni,_yMgy)|+702  System:  Structural  Modifications  Observed  Upon  Cycling  - 
C.  Pouillerie,  L.  Croguenncc  (Ecole  Nationale  Superieure  de  Chimie  et  Physique  de 
Bordeaux),  P.  Biensan  (SAFT),  P.  Willmann  ( CNES),  and  C.  Delmas  (Ecole  Nationale 
Superieure  de  Chimie  et  Physique  de  Bordeaux) 

238  Synthesis  and  Characterization  of  LiFexCo1.x02  Cathode  Materials  for  Lithium 
Batteries  -  S.  Venkatachalam,  R.  Sriram,  G.  Sukumaran,  N.G.  Renganathan,  A.  Mani, 
M.  Natchi,  R,  Meenakshisundaram,  and  R.  Meenakshisundaram  (Central 
Electrochemical  Research  Institute) 

239  Electronic  and  Electrochemical  Properties  of  LixCoyNi1.y02  Cathodes  Studied  by 
Impedance  Spectroscopy  -  F.  Croce  (University  “La  Sapienza”),  F.  Nobili,  R.  Tossici 
(Universita  di  Camerino),  B.  Scrosati,  L.  Persi  (University  “La  Sapienza’'),  and  R. 
Marassi  (University  di  Camerino) 

240  Li,+dMn2.d04  Performance  Measured  by  Leaching  -  E.  Kelder,  F.G.B.  Ooms,  R. 
Perego,  and  J.  Schoonman  (Delft  University  of  Technology) 

241  Tungsten  Oxysulfide  Thin  Films  as  Positive  Electrode  in  Lithium  Microbatteries  -  I. 
Martin-Litas,  P.  Vinaticr,  A.  Levasseur  (ENSCPB),  J.C.  Dupin,  and  D.  Gonbeau 
(Universite  de  Pau  et  des  Pays  de  l’Adour) 

242  Electronic  Structure  in  LiMn204  Based  Spinel  Oxides  from  Transition  Metal  L-edge 
and  O  K-edge  XANES  -  Y.  Uchimoto  and  T.  Yao  (Kyoto  University) 

243  Effect  of  Cr64  on  the  Jahn-Teller  Distortion  of  Spinel  LiMn204  -  S.  Venkatachalam,  V. 
S,  G.  Sukumaran,  P.  T,  R.  N.G,  M.  Natchi,  and  R.  Meenakshisundaram  (Central 
Electrochemical  Research  Institute) 

244  3  V  Manganese  Oxide  Electrode  Materials  for  Lithium  Batteries  -  C.S.  Johnson  and 
M.M.  Thackeray  (Argonne  National  Laboratory) 

245  The  Spinel  Phases  LiMgyMn2_y04  as  the  Cathode  for  Rechargeable  Lithium  Batteries 
-  I.-S.  Jeong  and  H.-B.  Gu  (Chonnam  National  University) 

246  Characterisation  of  Nanoparticles  of  LiMn204  Synthesized  by  Citric  Acid  Sol-Gel 
Method  -  B.-J.  Hwang,  R.  Santhanam,  and  D.G.  Liu  (National  Taiwan  University  of 
Science  and  Technology) 

247  Theoretical  Approach  of  the  Lithium  Intercalation  in  Host  Materials  -  F.  Lantelme,  H. 
Groult  (Universite  P&M  Curie),  and  N.  Kumagai  (Iwate  University) 

248  The  Influence  of  the  Synthesis  Conditions  on  the  Structural  and  Electrochemical 
Properties  of  Cathodes  Based  on  Manganese  Oxides  in  Nonaqueous  Electrolytes  -  E. 
Shembel,  N.  Globa,  N.  Zaderey,  V.  Pisniy,  and  K.  Kylyvnyk  (Ukrainian  State  Chemical 
Technology  University) 

249  A  New  3.8V  Cathode  for  Lithium-Ion  Batteries:  £  -  LixV0P04  -  T.  Kerr,  J.  Gaubicher, 
L.  Nazar,  and  H.  Huang  (University  of  Waterloo) 

250  Aluminium  Substituted  LiCo02  as  an  Intercalation  Cathode  for  Lithium  Polymer 
Battery  -  S.  Venkatachalam,  M.A.  Stephan,  S.  Venkatraman,  G.  Sukumaran,  T. 
Premkumar,  N.G.  Renganathan,  M.  Natchi,  and  R.  Meenakshisundaram  (Central 
Electrochemical  Research  Institute) 

251  The  Jahn-Teller  Distortion  in  LixNi02  and  LixMn02  -  C.  Marianetti,  D.  Morgan,  and 
G.  Ceder  (Massachusetts  Institute  of  Technology) 

252  Theory  of  Lithium  Diffusion  in  LixCo02:  A  First  Principles  Investigation  -  A.  Van  der 
Ven  and  G.  Ceder  (Massachusetts  Institute  of  Technology) 
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253  Lithium  Insertion  of  (V1_yMoy)205  -  M.  Eguchi,  F.  Maki,  S.  Iwabe,  and  Y.  Momose 
(Ibaraki  University) 

254  Effect  of  Lanthanum  Dopant  on  the  Structural  and  Electrical  Properties  of  LiCoV04 
Cathode  Materials  Investigated  by  EXAFS  -  B.-J.  Hwang  (National  Taiwan  University 
of  Science  and  Technology),  Y.-W.  Tsai  (National  Taiwan  University  of  Science  and 
Technology,  Taipei,  Taiwan,  R.O.C.),  G.T.-K.  Fey  (National  Central  University),  and  J.- 
F.  Lee  (Synchrotron  Radiation  Research  Center) 

255  Long-life  Lithium  Manganese  Spinel  Cathodes  for  High  Power  Secondary  Batteries  for 
Electric  Vehicle  Use  -  M.  Kasai,  Y.  Kumashiro,  K.  Nishimura,  H.  Andou,  Y.  Muranaka, 
Y.  Kozono  (Hitachi  Ltd.),  and  T.  Horiba  (Shin-Kobe  Electric  Machinery  Co.  Ltd.) 

256  Synthesis  of  LixCoao85Craoi502  by  the  PVA  Precursor  Method  and  Application  as 
Cathode  in  Lithium  Ion  Batteries  -  R.  Vasanthi,  I.  Ruth  Mangani,  R.  Chandrasekaran 
(Anna  University),  and  S.  Selladurai  (Anna  University) 

257  LiCrxMn2.x04  Solid  Solutions  for  Lithium  Batteries  -  R.  Thirunakaran,  P.  Periasamy, 
B.  Ramesh  Babu,  N.  Kalaiselvi,  N.G.  Renganathan,  M.  Raghavan,  and  N.  Muniyandi 
(Central  Electrochemical  Research  Institute) 

258  Solid-State  Synthesis  and  Characterization  of  LiCo02  and  LiCoj.yNiy02  Solid 
Solutions  -  P.  Periasamy,  B.  Ramesh  Babu,  R.  Thirunakaran,  N.  Kalaiselvi,  N.G. 
Renganathan,  M.  Raghavan,  and  N.  Muniyandi  (Central  Electrochemical  Research 
Institute) 

259  Electrochemical  Behaviour  of  LiMn2.yMy04  (M  =  Cu,  Cr;  0  <  y  <  0.4)  -  B.  Ramesh 
Babu,  P.  Periasamy,  R.  Thirunakaran,  N.  Kalaiselvi,  N.G.  Renganathan,  M.  Raghavan, 
and  N.  Muniyandi  (Central  Electrochemical  Research  Institute) 

260  Structural  and  Electrochemical  Studies  of  Layered  Li(Mn1.yMy02  Based  Compounds. 
II  M=Ni  -  T.E.  Quine,  M.J.  Duncan,  P.G.  Bruce,  A.D.  Robertson,  and  A.R.  Armstrong 
(University  of  St.  Andrews) 

261  Iron-Doped  Lithium  Cobalt  Oxides  as  Lithium  Intercalating  Cathode  Materials  -  N. 
Kalaiselvi,  P.  Periasamy,  R.  Thirunakaran,  B.  Ramesh  Babu,  T.  Prem  Kumar,  N.G. 
Renganathan,  M.  Raghavan,  and  N.  Muniyandi  (Central  Electrochemical  Research 
Institute) 

262  Redox  Reactions  of  Substituted  Lithium  Manganese  Spinel  Compounds  in  Lithium 
Cells  -  Y.  Shao-Hom  and  R.  Middaugh  (Eveready  Battery  Company,  Inc.) 

263  Electronic  Structure  of  LixNiOy  Thin  Films  -  A.  Urbano,  S.  deCastro,  R.  Landers,  J. 
Morais,  M.  Fantini,  and  A.  Gorenstein  (Gleb  Wataghin  Physics  Institute  -  UNICAMP) 

264  Electrochemical  Perfomance  of  Cathodes  Based  on  LiMn204  Spinel  Obtained  by 
Combustion  Synthesis  -  E.  Santiago,  S.  Amancio,  P.  Bueno,  and  L.  Bulhoes 
(Universidade  Federal  de  Sao  Carlos) 

265  The  Structure  Property  Relationship  Of  Lithium  Nickel  Cobalt  Oxides  -  R.  Gover,  R. 
Kanno  (Kobe  University),  B.  Mitchell  (Argonne  National  Laboratory),  and  Y. 
Kawamoto  (Kobe  University) 

266  Electrochemical  Characteristics  of  LiMn204-Polypyrrole  Composite  Cathode  for 
Lithium  Polymer  Batteries  -  J.-U.  Kim,  J.-A.  Lee,  S.-I.  Moon,  and  H.-B.  Gu  (Chonnam 
National  University) 

267  Effects  of  Powder  Characteristics  of  LiMn204  on  the  Electrochemical  Properties  -  H- 
T.  Chung  and  S.-T.  Myung  (Dongshin  University) 

268  Electrocopolymerization  of  Carbazole  Derivatives  -  A.S.  Sarac  (Istanbul  Technical 
University) 

269  Influence  of  the  Particle  Size  on  the  Electrochemical  Properties  of  Lithium  Manganese 
Oxide  -  C.-H.  Lu  and  S.-W.  Lin  (National  Taiwan  University) 

270  Synthesis  of  Nanosized  LiMn204  Powder  by  Reverse  Emulsion  Process  for  Li-Ion 
Batteries  -  C.-H.  Lu,  S.K.  Saha,  and  S.-W.  Lin  (National  Taiwan  University) 
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Liquid  Electrolytes  Posters 

Co-Chairs:  I.  Exner  and  E.  Spila 


271  High  Purity  Lithium  Carbonate  for  Batteries  Applications  -  S.  Harrison  (Limtech  Inc.), 
K.  Amouzegar  (Limtech  Inc.),  and  G.  St-Amant  (Limtech  Inc.) 

272  Viscosities,  Conductivities  and  Activation  Energies  for  Transport  Processes  in  Liquid 
Electrolytes.  The  Quasi  Lattice  Approach  -  A.  Chagnes,  B.  Carre  (Universite'  de  Tours), 

P.  Willmann  (Centre  National  d'Etudes  Spatiales),  and  D.  Lemordant  (Universite  de 
Tours) 

273  Optimisation  of  the  Polyelectrolyte  used  in  Carbon  Anode  Pretreatment  Procedures  -  R. 
Dominko,  J.  Drofenik,  M.  Bele,  S.  Pejovnik,  and  M.  Gaberscek  (National  Institute  of 
Chemistry) 

274  New  Fusible  Lithium  Salt  with  High  Conductivity  in  Solutions  -  W.  Xu,  M.  Videa,  and 
C.A.  Angell  (Arizona  State  University) 

275  Application  to  Lithium  Battery  Electrolyte  of  Lithium  Chelate  Compounds  with  Boron 
-  Y.  Sasaki,  M.  Handa,  S.  Sekiya,  K.  Kurashima  (Tokyo  Institute  of  Polytechnics),  and 
K.  Usami  (Denso  Corporation) 

276  Microporous  PVDF  Membrane  for  Lithium-Ion  Batteries  -  F.  Bodin,  C.  Lenhof,  G. 
Caillon,  and  I.  Olsen  (SAFT) 

277  Synthesis  of  a  New  Family  of  Fluorinated  Boronate  Compounds  as  Anion  Receptors 
and  Studies  of  Their  Use  as  Additives  in  Lithium  Battery  Electrolytes  -  H.-S.  Lee,  X.- 

Q.  Yang,  X.  Sun,  and  J.  McBreen  (Brookhaven  National  Laboratory) 

278  Lithium  Bisperfluoroalkylsulfonimides:  Primary  and  Secondary  Lithium  Battery 
Electrolyte  Salts  -  S.  Boyd,  B.  Johnson,  L.  Krause,  W.  Lamanna,  P.  Pham,  and  H. 
Shimada  (3M  Company) 

279  Thermal  Stability  of  LiPF6  EC:EMC  Electrolyte  for  Lithium  Ion  Batteries  -  G.  Botte, 

R.  White  (University  of  South  Carolina),  and  Z.  Zhang  (Celgard,  Inc) 

280  Trans-Esterification  of  Ethyl  methyl  Carbonate  in  Lithium  Ion  Batteries  -  B.  Dobler,  I. 
Exnar,  W.  Haupt,  and  R.  Imhof  (RENATA  Batteries  SA) 

281  Kinetic  Aspects  of  HF  Generation  in  a  LiPF6  Based  Electrolyte  Solution  - 1.  Exnar,  B. 
Dobler,  W.  Haupt,  and  R.  Imhof  (RENATA  Batteries  SA) 

282  New  Li-Ion  Electrolytes  for  Low  Temperature  Applications  -  S.  Herreyre,  O.  Huchet 
(SAFT),  S.  Barusseau  (Alcatel-Alsthom  Recherche),  F.  Perton,  J.-M.  Bodet,  and  P. 
Biensan  (SAFT) 

283  Electronic  Structures  and  Electrochemical  Properties  of  LiPF(6.n)(CF3)n  -  F.  Kita,  H. 
Sakata,  A.  Kawakami  (Hitachi  Maxell  Ltd.),  H.  Kamizori,  T.  Sonoda,  H.  Nagashima 
(Kyushu  University),  N.  Pavlenko,  and  Y.  Yagupolskii  (Ukrainian  Academy  of  Science) 

284  Asymmetrical  Alkyl  Carbonate  as  Solvent  for  Li-ion  Batteries  Electrolytes  -  I. 
Geoffrey,  B.  Carre,  D.  Lemordant  (Universite  de  Tours),  S.  Herreyre,  and  P.  Biensan 
(SAFT) 

285  Database  and  Models  of  Electrolyte  Solutions  for  Lithium  Battery  -  S.  Zhang,  A. 
Tsuboi,  H.  Nakata,  and  T.  Ishikawa  (Mitsubishi  Chemical  Corporation) 

286  An  Exceptional  Additive  to  the  Electrolyte  for  Lithium-Ion  Batteries  :  The  Vinylen 
Carbonate  -  B.  Philippe,  B.  Jean-Marie,  P.  Francoise,  B.  Michel,  J.  Christophe  (SAFT), 
B.  Sylvie  (Alcatel),  H.  Sylvie,  and  S.  Bernard  (SAFT) 

287  An  Evidence  of  Preventing  the  Decomposition  of  PC  at  the  Surface  of  Well  Graphitized 
Carbon  without  Any  Additions  -  K.  Yamaguchi,  J.  Suzuki,  M.  Saito,  T.  Katsuta,  K. 
Sekine  (Rikkyo  University),  and  T.  Takamura  (Petoca,  Ltd.) 

288  Effect  of  Organic  Additives  in  Electrolyte  Solutions  on  Behavior  of  Lithium  Metal 
Anode  -  Y.  Matsuda  and  T.  Takemitsu  (Kansai  University) 
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289  Cyclic  and  Acyclic  Sulfites  -  New  Solvents  and  Electrolyte  Additives  for  Lithium  Ion- 
Batteries  with  Graphitic  Anodes?  -  G.H.  Wrodnigg,  J.O.  Besenhard,  and  M.  Winter 
(Graz  University  of  Technology) 

290  Fluorinated  Organic  Solvents  in  Electrolytes  for  Lithium  Ion  Cells  -  K.-C.  Moller,  T. 
Hodal  (Graz  University  of  Technology),  W.K.  Appel  (Deutschland  GmbH  &  Co.  KG), 
M.  Winter,  and  J.O.  Besenhard  (Graz  University  of  Technology) 

291  Performance  of  Solupor  Separator  Materials  -  F.G.B.  Ooms,  E.M.  Kelder,  J. 
Schoonman  (Delft  University  of  Technology),  N.  Gerrits,  and  G.  Calis  (DSM  Solutech) 

292  Fast  Charge  in  Non-Aqueous  Li  Cells:  Investigation  of  a  Novel  Hybrid  Solution  -  G. 
Amatucci,  F.  Badway,  and  A.  Du  Pasquier  (Telcordia  Technologies) 

293  Temperature  and  Concentration  Effects  on  the  Ionic  Transport  Behavior  of  LiAlCl4 
SOCl2  Electrolyte  Solutions  -  G.T.-K.  Fey,  W.-K.  Liu  (National  Central  University), 
and  Y.-C.  Chang  (Tamkang  University) 

294  Mass  Transport  and  Kinetic  Aspects  of  Thionyl  Chloride  Reduction  at  the  Platinum 
Microelectrode  -  G.T.-K.  Fey,  M.-C.  Hsieh  (National  Central  University),  and  Y.-C. 
Chang  (Tamkang  University) 

295  Novel  Superacid-based  Lithium  Electrolytes  for  Lithium  Ion  and  Lithium  Polymer 
Rechargeable  Batteries  -  H.V.  Venkatasetty  (H.V.  Setty  Enterprises,  Inc.) 

Polymer  Electrolytes  Posters 

Co-Chairs:  E.  Spila  and  I.  Exner 


296 

297 

298 

299 

300 

301 

302 

303 


304 

305 

306 

307 


Interfacial  Stability  of  Lithium  Electrode  in  IPN  Electrolytes  Based  on  Crosslinked 
PEGMEM  and  PMMA  -  X.  Hou  and  K.S.  Siow  (National  University  of  Singapore) 
Diffusion  Mechanisum  in  the  Cross-Linked  Poly(ether)  Doped  by  LiN(CF3S02)2  -  Y. 
Aihara,  T.  Bando,  T.  Iguchi,  J.  Kuratomi  (Yuasa  Corporation),  K.  Sugimoto,  and  K. 
Hayamizu  (National  Institute  of  Materials  and  Chemical  Research) 

Ion  Conduction  Mechanism  in  Solid  Lix-P(EO)n  -based  Polymer  Electrolytes  -  D. 
Golodnitsky,  E.  Lifshits,  E.  Peled  (Tel  Aviv  University),  S.  Chung,  and  S.  Greenbaum 
(Hunter  College  of  CUNY) 

Preparation  of  Microporous  PVDF  Based  Polymer  Electrolytes  -  H.  Huang,  H.  Wang, 
and  S.  Wunder  (Temple  University) 

Room  Temperature  Amorphous-Phase  Stabilization  of  PEO-Based  Nanocomposite 
Polymer  Electrolytes:  An  Impedance  Spectroscopy  Study  -  F.  Croce,  L.  Persi,  and  B. 
Scrosati  (University  “La  Sapienza”) 

Gel  Electrolytes  Based  on  Amphiphilic  Copolymers  -  R.  Ljungback,  P.  Gavelin,  P. 
Jannasch,  and  B.  Wesslen  (Lund  University) 

Ionic  Conduction  and  Electrochemical  Properties  of  New  Poly(acrylonitrile-icaconate) 
Based  Gel-electrolyte  -  Y.W.  Kim,  M.S.  Gong,  and  B.K.  Choi  (Dankook  University) 
Studies  of  the  Interface  Between  Lithium  Deposits  and  Polymeric  Electrolyte  Systems 
Using  in  situ  FTIR  Spectroscopy  -  D.  Aurbach,  O.  Chusid,  Y.  Gofer  (Bar-Ilan 
University),  M.  Watanabe  (Yokohama  National  University),  T.  Momma,  and  T.  Osaka 
(Waseda  University) 

Polymeric  Gel  Electrolyte  Reinforced  with  Glass  Fiber  Cloth  for  Lithium  Secondary 
Battery  -  S.I.  Jo,  J.-S.  Jung,  H.-J.  Sohn  (Seoul  National  University),  H.-C.  Park,  J.H. 
Chun,  H.  Kim,  and  J.-M.  Ko  (Taejon  National  University  of  Technology) 

Polymer  Electrolytes  Based  On  Hyperbranched  Polymers  -  T.  Itoh,  N.  Hirata,  Z.  Wen, 
M.  Kubo,  and  O.  Yamamoto  (Mie  University) 

Spectroscopic  Estimation  of  Dielectric  Constant  and  Donor  Number  in  Polymer 
Electrolytes  -  C.S.  Kim,  J.  Lee,  and  S.M.  Oh  (Seoul  National  University) 
Electrochemical  Properties  of  Gel  Electrolytes  -  A.  Reiche,  A.  Weinkauf,  and  B. 
Sandner  (Martin-Luther-Universitat  Halle- Wittenberg) 
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308  A  Novel  PEG-borate  Based  Solid  Polymer  Electrolytes;  Conductivity  and  Application 
to  Li-ion  Battery  -  S.  Yokoyama  (NOF  Corporation),  T.  Kobayashi,  Y.  Kato,  H.  Ikuta, 
and  M.  Wakihara  (Tokyo  Institute  of  Technology) 

309  Determination  of  Diffusion  Co-Efficient  of  Lithium  Ion  in  Plasticized  PVC  Electrolytes 
-  A.S.  Manual,  R.  Sudalaimuthu,  T.  Premkumar,  N.G.  Renganathan,  R. 
Mecnakshisundaram,  and  M.  Natchi  (Central  Electrochemical  Research  Institute) 

310  Effects  of  Diethylaluminum  Carboxylate  and  EC/PC  on  Dielectric  Relaxation  and  Ionic 
Conductivity  of  PEO  Based  Polymer  Electrolytes  -  J.  Dygas,  B.  Misztal-Faraj,  F.  Krok, 
Z.  Florjanczyk,  E.  Zygadlo-Monikowska,  and  E.  Rogalska  (Warsaw  University  of 
Technology) 

311  Studies  of  Conductivity  and  Ionic  Mobility  in  Polymer  Gel  Electrolytes  -  H.  Hubbard, 
M.  Williamson,  and  I.  Ward  (IRC  in  Polymer  Science  and  Technology) 

312  Conductivity  and  Structure  of  Li-Containing  Pervoskite  Solid  Electrolytes  -  J.-S.  Chen 
and  K.-Z.  Fung  (National  Cheng  Kung  University) 

313  Self-Tracking,  Solvent-Free  Low-Dimensional  Polymer  Electrolyte  Blends  with 
Lithium  Salts  -  Y.  Zheng,  F.  Chia,  G.  Ungar,  and  P.V.  Wright  (University  of  Sheffield) 

314  The  Role  of  the  Inorganic  Oxide  in  Nanocomposite  Polymer  and  Gel  Electrolyte 
Structure  And  Ion  Transport  Mechanism:  An  NMR  Study  -  S.  Greenbaum,  S.  Chung, 
Y.  Wang  (City  University  of  New  York),  L.  Persi,  F.  Croce,  and  B.  Scrosati  (Universita 
di  Roma  La  Sapienza) 

315  Plasticising  Effect  in  Phase-Separated  Polymer  Electrolytes  Based  on  Poly(Ethylene 
oxide)  and  Poly(perfluoroethers)  -  M.  Furlani  (Goteborg  University  and  Chalmers 
University  of  Technology),  K.  Bandara  (University  of  Peradeniya),  and  B.-E.  Mellander 
(Goteborg  University  and  Chalmers  University  of  Technology) 

316  Characteristics  of  PVDF/Pan  Based  Polymer  Electrolyte  for  Lithium  Ion  Polymer 
Battery  -  J.-A.  Lee,  J.-U.  Kim,  G.-C.  Park,  and  H.-B.  Gu  (Chonnam  National 
University) 

317  Structure,  Porosity  and  Conductivity  of  PVdF  Films  for  Polymer  Electrolytes  -  A. 
Magistris,  P.  Mustarelli,  E.  Quartarone  (University  of  Pavia),  P.  Piaggio,  and  A.  Bottino 
(University  of  Genova) 

318  Spectroscopic  Conductivity  Studies  on  the  Ionic  Motion  in  the  Electrolytic  Complexes 
(Polyethylene  Glycol  400)/(LiCl)x  -  V.  Di  Noto,  M.  Fauri,  S.  Biscazzo,  and  M. 
Vittadello  (Universita  di  Padova) 

319  Fabrication  of  All  Solid  Polymer  Electrolytes  based  on  Block-Graft  Copolymers  -  K. 
Hirahara,  M.  Ueno,  O.  Watanabe,  and  T.  Nakanishi  (Shin-Etsu  Chemical  Co.,  Ltd.) 

Battery  Posters 

Co-Chairs:  R.  J.  Brodd  and  J.  T.  S.  Irvine 

320  Power  Management:  The  Path  to  the  Future  -  J.  Barbarello,  M.  Molz,  and  R.  Hamlen 
(U.S.  Army  -  CECOM) 

321  High  Energy  Density,  Thin  Film,  Rechargeable  Lithium  Batteries  for  Marine  Field 
Operations  -  D.  Sadoway,  A.  Mayes,  B.  Huang,  S.  Mui,  P.  Soo.  D.  Staelin,  and  C.  Cook 
(Massachusetts  Institute  of  Technology) 

322  Cycling  Performance  of  10  Wh  class  Lithium  Meta!  Rechargeable  Battery  with  New- 
type  Lithium  Imide  Electrolyte  -  H.  Saito  and  K.  Usami  (Denso  Corporation) 

323  Fabrication  of  Composite  Electrodes  for  Rechargeable  Lithium  Batteries  by  Using 
Electrophoretic  Deposition  Process  -  K.  Kanamura,  A.  Goto,  and  T.  Umegaki  (Tokyo 
Metropolitan) 

324  Developments  in  Multichannel  Impedance  Instrumentation  for  the  Characterization  of 
Energy  Storage  Devices  -  A.  Hinton  and  B.  Sayers  (Solartron) 
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•  341 
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Hydrothermal  Synthesis  -  T.  Kanasaku,  K.  Amezawa,  and  N.  Yamamoto  (Kyoto 
University) 

New  High-Surface-Area  3-Dimensional  “On-Chip”  Lithium-Ion  Microbattery  -  M. 
Nathan,  D.  Haronian,  D.  Golodnitsky,  Y.  Lavi,  E.  Sverdlov,  and  E.  Peled  (Tel  Aviv 
University) 

Opportunities  for  Lithium  Batteries  in  Electric  Vehicle  and  Hybrid  Electric  Vehicle 
Applications  -  M.  Corbett  (Kline  &  Company,  Inc.) 

New  Thin  Lithium-Ion  Batteries  Using  an  Organic  Liquid  Electroltye  with  Thermal 
Stability  -  N.  Takami,  M.  Sekino,  T.  Ohsaki,  M.  Kanda,  and  M.  Yamamoto  (Toshiba 
Corporation) 

Developement  of  6Ah  Prismatic  Cells  for  High  Rate,  Low  Temperature  Applications  - 
G.  Ehrlich,  M.  Hetzel  (Yardney  Technical  Products,  Inc.),  and  S.  Slane  (U.S.  Army 
CECOM) 

A  Study  of  the  Overcharge  Reaction  of  Li-ion  Batteries  -  M.J .  Palazzo,  R. A.  Leising, 
E.S.  Takeuchi  (Wilson  Greatbatch  Ltd.),  and  KJ.  Takeuchi  (SUNY  at  Buffalo) 

Fast  Charging  of  Lithium-Ion  Batteries  -  J.R.  van  Beek  (Philips  Research  Laboratories) 
Factors  Responsible  for  Impedance  Rise  in  High  Power  Lithium  Batteries  -  K.  Amine, 
M.  Hammond,  J.  Liu,  C.  Chen,  D.W.  Dees,  A.N.  Jansen,  and  G.  Henriksen  (Argonne 
National  Laboratory) 

Promising  Modifying  Additives  for  Lithium  Power  Sources  -  E.  Shembel,  0. 
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Andrukaitis,  and  G.  Torlone  (Canadian  Department  of  National  Defence) 
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Electrochemical  System  “’CF1+X  -  Lithium”  -  V.N.  Mitkin,  T.N.  Denisova,  V.E. 
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Concentrates  Plant) 

386  In  Situ  Raman  Study  of  a  Lithium-Polymer  Battery  -  C.  Naudin,  J.L.  Bruneel 
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Kang,  J.-U.  Kim,  and  H.-B.  Gu  (Chonnam  National  University) 


10th  International  Meeting  on  Lithium  Batteries  •  " Lithium  2000 


Abe,  T. . 18,128,148,  Bach,  S . 

Abura,  T. . 230  Badway,  F. . 

Acosta,  J.L . 388  Baffler,  N . 

Adachi,  K . 340  Baik,  H.-K . 

Ado,  K . 220  Balasubramanian,  M. 

Adschiri,  T.  . 235  Ban,  S.-H . 

Afanasjev,  V. . 98  Bandara,  K . 

Ahn,  S . 376  Bando,  T, . 

Aihara,  Y. . 297,  373  Bannerjee,  P. . 

Akiyama,  T. . 340  Banov,  B . 

A1  Hallaj,  S . 357  Bar  Tow,  D . 

Alain,  V. . 202  Barbarello,  J . 

Albering,  J.H . 72  Barnett,  B . 

Aleksey,  B . 81  Barriere,  B . 

Alessandrini,  F. . 347,  368,  369  Barusseau,  S . 

Alexandrov,  A . 98  Baskevich,  A . 

Alliata,  D . 68,  9  Baudrin,  E . 

Amancio,  S . 264  Beaudoin,  B . 

Amandi,  R . 131  Beaulieu,  L . 

Amatucci,  G . 292,  36  Becker,  D . 

Amezawa,  K . 188,325  Beguin,  F.  . 

Amine,  K . 332  Bele,  M . 

Ammundsen,  B . 17,  185,  224  Belliard,  F. . 

Amouzegar,  K . 271  Benedek,  R . 

Andersson,  A.M . 82  Benjelloun,  N . 

Andersson,  A.S . 20  Bergman,  R . 

Andou,  H . 255  Bernard,  S . 

Andreas,  B . 76  Besenhard,  J.O . 

Andrukaitis,  E . 210,  342  . 

Angell,  C.A . 274  Besner,  S . 

Angenault,  J . 206  Biensan,  P. . 

Ann,  J.-H . 58  Bindin,  P. . 

Anne,  M . 192  Birke,  P. . 

Annie,  L.G.L.S . 196,  202  Biscazzo,  S . 

Antipenko,  B . 98  Blanc,  G . 

Antonini,  A . 135  Bloch,  D . 

Aoshima,  T. . 176  Blomgren,  G . 

Apostolova,  R . 159,180  Blum,  A . 

Appel,  W.K . 290  Blyth,  RXR . 

Appetecchi,  G . 367,  369  Bodet,  J.-M . 

Arai,  K . 235  Bodin,  F.  . 

Arai,  N . 1  Bodoardo,  S . 

Arakawa,  R . 230  Boldyrev,  Y.Y. . 

Arbizzani,  C . 53  Botte,  G . 

Ardel,  G . 366,  367  Bottino,  A . 

Armand,  M . 166,  26  Bourbon,  C. . . 

Armstrong,  A.R . 15,  193,  260  Boyd,  S . 

Arof,  A.K . 356  Bradhurst,  D.H . 

Arrabito,  M . 175,  92  Briois,  V. . 

Ashkenazi,  V. . 34  Brissot,  C . 

Au,  G . 6  Brousse,  T. . 

Audry,  C . 339  Broussely,  M . 

Aurbach,  D . 159,  178,  179,  180,  303,  Bruce,  P.G . 

. 34,  85,  86  Brundage,  M . 

Aymard,  L . 213  Bruneel,  J.L . 

Azuma,  Y.  . 150  Bueno,  P. . 

Borjesson,  L . 110  Bugga,  R . 

Beguin,  F.  . 390  Bulhoes,  L . 

Baba,  M . 371  Buqa,  H . 


. 143 

. 292 

. 143 

. 114, 223 

. 162 

. 172 

. 315 

. 297,  373 

. 29 

. 91 

. 24,  60 

. 320 

. 126 

. 349 

. 282 

. 70 

. 11,  117 

. 93 

. . 69 

. 383 

. 129,  133 

. 191,  273,  57 

. 108, 132 

. 137 

. 55 

. 31 

. 286 

113,  12,  120,  121.289, 

. 290,  380,  72,  73 

. 166 

...237,  282,  284,  3,  339 

. 358 

. 46 

. 318 

. 339 

. 189 

. 211 

. 366 

. 380 

. 282 

. 276 

. 175 

. 146 

. 279 

. 317 

. . 189 

. 278 

. 152, 58 

. 117 

. 375 

. 100,  112,  13,99 

. 3,  339 

. 15,  193,260 

. 6 

. 386 

. 264 

. 127, 7 

. 264 

. 12,  120,  121,  380 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000 ” 


37 


Burstein,  L . 

Buryak,  V.U . 

Buvat,  P. . 

Byers,  J . 

Caillon,  G . 

Cairns,  E.J . 

Calis,  G . 

Carewska,  M . 

Carre,  B . 

Catti,  M . 

Ceder,  G . 

Chabre,  Y.  . 

Chagncs,  A . 

Chai,  C . 

Chandrasckaran,  R. 

Chang,  Y.-C . 

Chazalviel,  J.-N . 

Chen,  C . 

Chen,  C.-L . 

Chen,  J.-S . 

Chen,  X . 

Chen,  Y. . 

Chen-Mayer,  H . 

Cherniy,  A . 

Chervakov,  0 . 

Chevallier,  F. . 

Chia,  F.  . 

Cho,  B.-W. . 

Cho,  W.-I . 

Choi,  B.K . 

Choi,  Y.-M . 

Chojnacka,  J . 

Chottiner,  G . 

Chouinard,  Y. . 

Chouvin,  J . 

Chow,  W . 

Chowdari,  B.V.R.  .. 

Christensen,  L . 

Christian,  J . 

Christian,  M . 

Christophc,  J . 

Chua,  D . 

Chun,  J.H . 

Chung,  H.-T. . 

Chung,  K.Y. . 

Chung,  S . 

Chusid,  O . 

Clay,  N . 

Clayc,  A . 

Cohen,  Y. . 

Connor,  P.A . 

Conte,  M . 

Cook,  C . 

Coowar,  F. . 

Corbett,  M . . 

Cousticr,  F. . 

Cressent,  A . 

Croce,  F. . 

Croguenncc,  L . 

Crosnicr,  O . 

Cullen,  J . . 

D'Epifanio,  A . 

Dahn,  J.R . 

Dallck,  S . 


. 24 

. 149,  378 

. 99 

. 351 

. 276 

. 216 

. 291 

. 368,  369 

. 272,  284 

. 195 

. 251,  252 

. 165,208 

. 272 

. 363 

. 256 

. 293,  294 

. 375 

. 332 

. 10 

. 312 

. 75 

. 130 

. 383 

. 352 

. 333,  341 

. 133 

. 313 

. 44 

. 44 

. 302 

. 374 

. 388 

. 33 

. 166 

. 139 

. 209,212 

. 187.  89 

. 42 

. 199 

. 207 

. 286 

. 214 

. 304 

. 267 

. 170 

. 298.  314,32 

. 303,  34,  86 

. 383 

. 85 

179,  179,  180,  34,  86 

. 109,  132 

. 347 

. 321 

. 358 

. 327 

. 30 

. 93 

.204,  214,  239,  27,  300,  314 

. 237 

. 100,  13 

. 358 

. 204 

.42,  69,  74 
. 141 


Dalton,  P . 

Daroux.  M . 

Dass,  V. . 

Davidson,  l . 

deCastro,  S . 

Dedryvdre,  R.  . 

Dees,  D.W.  . 

Delmas,  C . 

Denis,  S . 

Denisova,  T.N.. 

Deptula,  A . 

Deschamps,  M. 
Desilvestro,  H. . 
Desilvestro,  J.  . 

Devaux,  X . 

Devyatkina,  E. . 

Di  Noto,  V. . 

Dobler,  B . 

Dolle,  M . 

Dominique,  G.. 

Dominko,  R . 

Doo,  S.-G . 

Dou,  S.X . 

Drews,  J . 

Drofenik,  J . 

Du  Pasquier,  A. 

Du,  C . 

Duclot,  M . 

Duncan,  M.J . 

Dunlap,  R . 

Dupin,  J.C . 

Dupont,  L . 

Dupre,  N . 

Durand,  C . 

Dusheiko,  V.A. 

Dygas,  J . 

Ebner,  W. . 

Edstrom,  K . 

Edwards,  C . 

Egashira,  M . 

Eguchi,  M . 

Ehrlich,  G . 

Elder,  S . 

Etkaim.  E . 

Engel.  J . 

Enin,  A . 

Eriksson,  T. . 

Esaka,  T . 

Exnar,  I . 

Faicrs,  J . 

Fang.  L . 

Fantini.  M . 

Fauri,  M . 

Fay.  M . 

Fchrmann,  G . 

Fejieda.  T . 

Ferrando,  W.A. 

Fey,  G.T.-K . 

Fischer,  J . 

Florjanczyk,  Z. 

Fowkes,  A.J . 

Frackowiak.  E. 

Fragnaud,  P . 

Francoise,  P . 


. 7 

. 164 

. 358 

. 234,  345 

. 263 

. 138 

. 125,  332 

. 19,  200,  237 

. II,  138 

. 385 

. 214 

. 386 

. 224 

. 17 

. 100 

. 217 

. 318 

. 280, 281 

. 93 

. 196,202 

. 191.273,57 

. 374 

. 152,  58 

. 50 

. 191,273,57 

. 36,  292 

. 130 

. 39 

. 15,260 

. 69 

. 241 

. 208.  93 

. 206 

. 75 

. 149,378 

. 310 

. 363 

...110,  83.  119,  82 

. 386 

. 144. 232 

. 253 

. 329,  75 

. 161 

. 205 

. 160 

. 98 

. 225 

. 104 

. 280,  281 

. 163 

. 89 

. 263 

. 318 

. 30 

. 50 

. 215 

. 141 

10,  254,  293,  294 

. 85 

. 310 

. 15,  193 

. 129,  133,  390 

. 100,  13 

. 286 


38 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000 


Franger,  S . 

Fransson,  L . 

Fujieda,  T. . 

Fujii,  M . 

Fujitani,  S . 

Fukushima,  T.  . 

Funahashi,  A . 

Fung,  K.-Z . 

Furlani,  M . 

Furusaka,  M . 

Gaberscek,  M . 

Gadad,  S . 

Gao,  Y. . 

Gaoping,  C . 

Garche,  J . 

Garcia-Alvarado,  F. 

Garza,  L . 

Gaubicher,  J . 

Gauthier,  M . 

Gautier,  S . 

Gavelin,  P. . 

Gedanken,  A . 

Gejke,  C . 

Geoffroy,  I . 

Geronov,Y.  . 

Gerouki,  A . 

Gerrits,  N . 

Giorgetti,  M . . 

Gitzendanner,  R . 

Gizbar,  H . 

Gladkich,  A . 

Globa,  N . 

Gnanaraj,  J . 

Gofer,  Y.  . 

Goldner,  R . 

Golob,  P. . 

Golodnitsky,  D . 

Gonbeau,  D . 

Gong,  M.S . 

Gopukumar,  S . 

Gorenstein,  A . 

Gorev,  A . 

Goto,  A . 

Gover,  R . 

Gozdz,  A . 

Green,  R . 

Greenbaum,  S . 

Grey,  C . 

Grincourt,Y.  . 

Grogger,  C . 

Grondin,  J . 

Groult,  H . 

Grugeon,  S . 

Gu,  H.-B . 

Guo,  X . 

Gustafsson,  T. . 

Guyomard,  D . 

Gwenaelle,  R . 

Howing,  J . 

Haas,  T. . 

Hackney,  S.A . 

Hajime,  M . 

Hakuta,  Y.  . 

Hamlen,  R . 


. 143 

. 110,  119,  82 

. 101 

. 186 

. 219 

. 230 

. 337 

. 312 

. 315 

. 134 

. 191,273,57 

. 140 

. 160,  164,  59 

. 154,  158 

. 229 

. 131 

. 132 

. 118,  165,21,249 

. 166 

. 133 

. 301 

. 87 

. 110 

. 284 

. 353 

. 383 

. 291 

. 30 

. 351 

. 34,  86 

. 24 

. 248,  333,  70 

. 85 

. 303,  34,  86 

. 383 

. 120,  136,  380 

.298,  326,  365,  366,  367 

. 241 

. 302 

. 116 

. 263 

. 98 

. 323 

. 265 

. 36 

. 358 

. 175,298,  314,  32 

. 224 

. 234,  345 

. 121 

. 386 

. 247 

. 93 

.245,  266,316,  391,392 

. 175,  32 

. 197,  225 

. 157,  161,201 

. 207 

. 197 

. 383 

. 125 

. 338 

. 235 

. 320,  6 


Hammond,  M . 332 

Hamon,  Y.  . 99 

Han,  J . 130 

Han,  J.-1 . 374 

Handa,  M . 275 

Haronian,  D . 326 

Harrison,  S . 271 

Hasegawa,  M . 71 

Hashimoto,  T.  . 340 

Hatazawa,  T.  . 4 

Hatchard,  T. . 42 

Haupt,  W. . 280,  281 

Hayamizu,  K . 297 

Hector,  A . 151 

Heider,  U . 178,  22 

Hendrickson,  M . 23, 6 

Henriksen,  G . 332 

Herranen,  M . 83 

Herreyre,  S . 282,  284,  3 

Hetzel,  M . 329,  75 

Higobashi,  H . 362 

Hill,  1 . 210,  342 

Hinton,  A . 324 

Hirahara,  K . 319 

Hirano,  A . 134 

Hirano,  Y. . 357 

Hirata,  N . 305 

Hironaka,  K . 354 

Hodal,  T. . 290 

Holl,  K . 229 

Holmes,  C.F. . 48 

Honda,  H . 104 

Hong,  J.K . 103 

Horiba,  T. . 255,  354 

Hou,  X . 296 

Hsieh,  M.-C . 294 

Huang,  B . 29,  321 

Huang,  H . 106,  124,  249,  299 

Hubbard,  H . 311 

Huchet,  0 . 282 

Hugener,  T . 75 

Huggins,  R.A . 41 

Hussenius,  A . 82 

Hwang,  B.-J . 246,  254 

Ibarra  Palos,  A . 192 

Ignat'ev,  N . 22 

Iguchi,  T. . 297,  373 

Ihm,  D.-J . 350,  363 

Ikuta,  H . 115,  308 

Ilic,  D . 229 

Imachi,  N . 344 

Imanishi,  N . 186,  364,  63,  370 

Imhof,  R . 280,  281 

Inaba,  M . 128, 148,  18 

Inada,  T. . 40 

Inoue,  S . 362 

lonescu,  M . 152 

Irvine,  J.T.S . 108,  109,  132 

Ishida,  S . 177 

Ishida,  T.  . Ill 

Ishihara,  T . 122,  123 

Ishikawa,  M . 145,  56 

Ishikawa,  T . 285,  387 

Islam,  M.S . 185 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000” 


39 


Isozaki.Y.  . 

Itoh,  T. . 

Ivanova,  N.D.  . 

Iwabe,  S . 

Jacobsson,  P.  ... 

Jak,  M . 

Jannasch,  P. . 

Jansen,  A.N . 

Jarvis,  C . 

Jean-Marie,  B. . 
Jean-Marie,  T.  . 

Jeong,  G.-J . 

Jeong,  I.-S . 

Jiangang,  L . 

Jianjun,  X . 

Jo,  S.I . 

Johansson,  P.  ... 

Johnson, B . 

Johnson,  C.S.... 

Joho,  F.  . 

Jones,  D . 

Jousse,  F. . 

Jumas,  J.-C . 

Jung,  J.-S . 

Jungnitz,  M . 

Juzkow,  M . 

Kageyama,  H.  . 

Kai,  T.  . 

Kajiyama,  A.  ... 

Kakirde,  A . 

Kalaiselvi,  N.  . 
Kamaruddin,  N. 

Kaminya,  T. . 

Kamioka,  K.  ... 
Kamiyama,  T.  . 
Kamizori,  H.  ... 
Kanamura,  K.  . 

Kanari,  K . 

Kanasaku,  T.  ... 

Kanbe,  C . 

Kanda,  M . 

Kaneko,  S . 

Kang,  H.-R . 

Kang,  K.-W. . 

Kang,  T. . . 

Kanno,  R . 

Kargina,  I . 

Kasai,  M . 

Kasztejna,  P.  ... 
Katayama,  K.... 
Katayama,Y. ... 

Kato,  K . 

Kato,  Y. . 

Katsuhito,  T.  ... 

Katsuta,  T. . 

Kawabata,  A. ... 
Kawahara,  A. ... 

Kawai,  T. . 

Kawakami,  A.  . 
Kawamoto,  Y.  . 

Kazuma,  K . 

Kelder,  E . 

Kelder,  E.M.  ... 
Kerr,  T. . 


. 231  Kerzhentseva,  V.E . 385 

. 305,  43  Kezuka,  K . 4 

. 146  Kida.Y.  . 337 

. 253  Kikuchi,  M . 105 

. 155,31,382  Kilroy,  W.P. . 141 

. 348  Kim,  C.S . 306 

. 301  Kim,  D.-G . 78 

. 125,332  Kim.  H . 304,78,88 

. 377  Kim,  H.-S . 44 

. 286  Kim,  J.-S . 61 

. 207  Kim,  J.-U . 266,316,391,392 

. 79,  88  Kim,  K.-B . 170,  171,  172,  173,  174,  184 

. 245  Kim,  M.-S . 391 

. 154,158  Kim,  S.-S . 115 

. 154,158  Kim,  S.-W . 168,79 

. 304  Kim.S.H . 142 

. 31  Kim,  T.H . 376 

. 278  Kim,  Y.-J . 78,  88,  95,  96,  97 

. 119,125,244  Kim,  Y.-U . 79 

. 76,  9  Kim,  YW.  . 302 

. 224  Kimoto.  K . 384 

. 99  Kimura,  T. . 156 

. 138,  139  Kinoshita,  K . 25,  68,  90 

. 304  Kishi,  T. . 182 

. 22  Kita,  F. . 283 

. 47  Kiyohara,  C . 176 

.111,  220,  232,  236  Ko,  J.-M . 304 

. 354  Kobayakawa,  K . 379 

. 40  Kobayashi.  H . Ill,  220,  236 

. 363  Kobayashi,  T. . 308 

.257,  258,  259,  261  Koetz,  R . 68,  9 

. 356  Kokhany,  V. . 70 

. 134  Komaba,  S . 183 

. 228  Kondo,  S . 40 

. 226  Konfli,  E . 377 

. 283  Kong,  F. . 25 

. 235,  323  Konishi,  T. . 232 

. 335  Korai,  Y. . 97 

. 188,325  Koseki,  M . 354 

. 147  Kosova,  N . 217 

. 231,328  Kostecki,  R . 25,68 

. 343  Kouguchi,  M . 40 

. 79  Kozlova,  S . 217 

. 392  Kozono,  Y. . 255 

..78,  79,  88,  95,  96  Krause,  L . 278 

.  1 34,  220,  226,  265  Krok,  F. . 310 

. 234,  345  Ksenzhek,  0 . 70 

. 255  Ku,  C.-H . 97 

. 3  Kubo,  M . 305 

. 150  Kubota,  M . 104 

. 182  Kuehner,  A . 22 

. 335  Kuhn,  A . 131 

. 219,  308  Kumagai,  N . 183,  183,  247 

. 338  Kumashiro,  Y . 255 

. 107,287  Kurashima,  K . 275 

. 101  Kuratomi,  J . 297,373 

. 122,123  Kurokawa,  H . 219 

. 379  Kusawake,  H . 372 

. 283  Kuwana,  K . 373 

. 226,  265  Kuwashima,  S . 372 

. 338  Kylyvnyk,  K . 248,  341 , 70 

. 106,240,348  Lada,W . 214 

. 291  Lain,  M . 359 

. 249  Lamanna,  W. . 278 


40 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000 ” 


Lamaze,  G . 

Lampe-Onnerud,  C . 

Landers,  R . 

Lantelme,  F. . 

Lanz,  M . 

Larcher,  D . 

Laruelle,  S . 

Lascaud,  S . 

Lass^gues,  J.C . 

Lauriat,  J.-P. . 

Lavi,  Y. . 

Le  Cras,  F. . 

Le  Gal  La  Salle,  A . 

Le  Granvalet-Mancini,  M. 

Lee,  B.W. . 

Lee,  C.-W. . 

Lee,  H . 

Lee,  H.-S . 

Lee,  H.M . 

Lee,  J . 

Lee,  J.-A . 

Lee,  J.-F.  . 

Lee,  J.-H . 

Lee,  J.-K . 

Lee,  J.Y. . 

Lee,  J.Y. . 

Lee,  K.-K . 

Lee,  M.-H . 

Lee,  N . 

Lee,  S.-B . 

Lee,  S.-J . 

Lee,  S.-M . 

Lee,  Y.-G . 

Lee,  Y.  J . 

Leising,  R.A . 

Lemordant,  D . 

Lenhof,  C . 

Levasseur,  A . 

Levasseur,  S . 

Levi,  E . 

Levi,  M . 

Li,  Q . 

Li,  Z . 

Lifshits,  E . 

Lim,  M.-R . 

Lin,  H.-P. . 

Lin,  S.-W.  . 

Lindner,  HJ . 

Lindsay,  MJ . 

Lippens,  P.E . 

Liu,  D.G . 

Liu,  H.K . 

Liu,  J . 

Liu,  Q . 

Liu,  W.-K . 

Liu,  X . 

Liu,  Z . 

Livshits,  V. . 

Ljungback,  R . 

Loic,  D . 

Lu,  C.-H . 

Lu,  Z . 

Moller,  K.-C . 

Metenier,  K . 


. 383  Ma,  S . 194 

. 126  Machnikowski,  J . 129 

. 263  Macklin,  A . 377 

. 247  Macklin,  B . 358,  377 

. 9  MacNeil,  D . 42 

. 69  Magistris,  A . 317 

. 11,117  Magnan,  J.-F. . 166 

. 375,  386  Maki,  F. . 253 

. 386  Makino,  K . 182 

. . 205  Maksyuta,  1 . 333,  341 

. 326  Manago,  A . 387 

. 189  Manivannan,  V. . 363 

157,  161,  201  Manual.  A,  S . 116,  238,  250,  309 

. 140  Manzo,  M . 7 

. 142  Marassi,  R . 239 

. 37  Mari,  C.M . 195 

. 376  Maria  Rosa,  P. . 207 

. 277  Marianetti,  C . 251 

. 376  Markov  sky,  B . 159,180 

. 306,  66  Marsh,  C . 351 

. 266,  316  Marsh,  R . 7 

. 254  Martin,  C . 35 

. 350  Martin-Litas,  1 . 241 

. 114,223  Martinent,  A . 77 

. 153  Maryvonne,  H . 207 

. 67  Masquelier,  C . 165,205,208,21 

.171,  173,  174  Mastragostino,  M . 53 

. 169  Mathieu,  M . 207 

. 35  Matoba,  N . 65 

. 80  Matsuda,  Y. . 230,  288,  389 

. 114,223  Matsui,  S . 362 

. 114,223  Matsui,  Y. . 384 

. . 28  Matsumura,  T. . 354 

. 224  Matsuoka,  M . 1 1 1 ,  236 

. 330  Matsuta,  S . 219 

. 272,  284  Mattinlgey,  N . 377 

. 276  Mayes,  A . 29,  321 

. 241  McBreen,  J . 162,  164,  277 

. 200  McGuinn,  J . 75 

....178,  179,  34  McLarnon,  F. . 25 

. 178,  179  Medjutov,  M . 98 

. 364  Meenakshisundaram,  R . 116,  238,  238, 

. 59  . 243,  250,  309 

. 298  Mellander,  B.-E . 315 

. 184  Menetrier,  M . 200 

. 214,  23  Merson,  A . 24 

. 269,  270  Meshri,  D . 333 

. 153,  187  Michael  E.,  S . 76 

. 152,  58  Michael,  M.S . 233 

. 138,139  Michael,  S . 84 

. 246  Michel,  B . 286 

. 152,58  Middaugh,  R . 262 

. 332  Mihara,  T.  . Ill 

. 130  Misztal-Faraj,  B . 310 

. 293  Mitchell,  B . 265 

. 372  Mitkin,  V.N . 98,  385 

. 153  Mitsuishi,  1 . 231 

. 366  Miura,  T.  . 182 

. 301  Miyake,  H . 71 

. 207  Mochida,  1 . 97 

. 269,270  Mochizuki,  S . Ill 

. 34  Mogi,  R . 128 

. 12,  290  Mohamed,  N.S . 356 

. 390  Mohamedi,  M . 43 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 


41 


Mohd  Noor,  A.F.  . 

Molz,  M . 

Momma,  T.  . 

Momose,  Y. . 

Momtchilov,  A . 

Moon,  S.-I . 

Moore,  G . 

Morais,  J . 

Morales,  E . 

Morales,  J . . 

Morcrette,  M . 

Morgan,  D . 

Morita,  M . 

Moshkovich,  M.  .. 

Moskovich,  M . 

Mostafa,  M.A . 

Moukhin,  V.V. . 

Mouri,  T.  . . 

Mui,  S . 

Muniyandi,  N . 

Muranaga,  T . 

Muranaka,  Y. . 

Mustarelli,  P. . 

Myung,  S.-T. . 

N.G.  Renganathan 

Nadeau,  G . 

Nagashima,  H . 

Nagirny,  V. . 

Nakade,  K . 

Nakagawa,  T. . 

Nakai,  I . 

Nakajima,  K . 

Nakane,  I . 

Nakanishi,  T. . 

Nakata,  H . 

Naoi,  K . 

Narukawa,  S . 

Natchi,  M . 

Nathan,  M . 

Naudin,  C . 

Nazar,  L . 

Nazri,  G.A . 

Nechev,  K . 

Neduzhko,  L . 

Negishi,  A . 

Netz,  A . 

Netzer,  F.P. . 

Nishiguchi,  H . 

Nishimura,  K . 

Nishiwaki,  Y. . . 

Nishizawa,  M . 

Nitta,  Y. . 

Niu,  J . 

Nobili,  F. . 

Nobuyuki,  T. . 

Noguchi,  H . 

Nohma,  T.  . 

Nomoto,  S . 

Novdk,  P. . 

Novak,  P.  . 

Nozaki,  K . 

Numata,  K . 

Numata,  T. . 

Oesten,  R . 


. 233 

. 320 

. 303,  87 

. 253 

. 203,  94 

. 266 

. 161,201 

. 263 

. 388 

. 112 

. 208 

. 251 

. 145,  56 

. 34,  86 

. 179 

. 134 

. 98,  385 

. 228 

. 321 

. 257,  258,  259,  261 

. 362 

. 255,  354 

. 317 

. 267 

. 238,  243,  309,  250 

. 25,  90 

. 283 

. 159,  180 

. 343 

. 145 

. 218,222,  384 

. 4 

. 38 

. 319 

. 285, 52 

. 387, 54 

. 344, 38 

116,  238,  243,250,  309 

. 326 

. 386 

..118,  124,  165,21,249 

. 355 

. 3 

. 341 

. 335, 336 

. 41 

. 380 

. 122,  123 

. 255 

. 222 

. 43 

. 71 

. 66 

. 239 

. 338 

. 194 

. 337 

. 52 

. 113 

. 9,  76,  113,381, 

. 335 

. 177 

. 147 

. 178,  22 


Ogarkov,  V.  . 

Ogumi,  Z . 

Oh,  S.M . 

Ohmura,  S . 

Ohno,  K . 

Ohsaki,  T.  . 

Ohzono,  H . 

Ohzuku,  T. . 

Okada,  M . 

Okada,  S . 

Okahara,  K . 

Okuya,  M . 

Olivier,  J.P.  . 

Olivier-Fourcade,  J . 

Olsen,  I . 

Onncrud,  P.  . 

Ono,  T. . 

Ooms,  F.G.B . 

Osaka,  T . 

Osman,  Z . 

Ostrovskii,  D . 

Ota,  H . 

Ota,  T . 

Otomo,  T. . 

Ouvrard,  G . 

Owen,  J . 

Owens,  B . 

Perez  Vicente,  C . 

Palacin,  R.M . . 

Palazzo,  M.J . . 

Pan,  C . 

Panero,  S . 

Panitz,  J.-C . 

Park,  B . 

Park,  B.-K . 

Park,  C.-K . 

Park,  C.W . 

Park,  G.-C . 

Park,  H.-C . 

Park,  J.-K . 

Park,  Y.-T, . 

Paskal,  L.P.  . 

Pasquali,  M . 

Passerini,  S . 

Pastushkin,  T . 

Pavlenko,  N . 

Pei,  C.C . 

Pejovnik,  S . 

Peled,  E . 24, 

Penazzi,  N . 

Perego,  R . 

Pereira-Ramos,  J.-P  ... 

Peres,  J.-P . 

Periasamy,  P. . 

Perner,  A . 

Persi,  L . 

Perton,  F. . 

Pham,  P. . 

Philippe,  B . 

Piaggio,  P.  . 

Pickering,  P. . 

Piffard,  Y. . 

Ping, X . 

Pisniy,  V. . 


. 98 

. 128,  148,  18 

. 103,  306 

. 389 

. 389 

. 328 

. 71 

. 64,  65 

. 228 

. 144,  232 

. 176 

. 343 

. 136 

. 138,  139 

. 276 

. 126 

. 373 

. 240,  291 

. 303,  45,  87 

. 356 

. 155,382 

. 102 

. 219 

. 134 

. 190 

. 151 

. 30,51 

. 139 

. 208 

. 330 

. 224 

. 175,  198,  92 

. 381,9 

. 78 

. 391 

. 363 

. 103 

. 316 

. 304 

. 28 

. 61 

. 378 

. 135 

. 30,  347,368,  369,51 

. 70 

. 283 

. 233 

. 191,273,  57 

298,  326,  365,  366,  367,  60,  62 

. 175 

. 240 

. 143 

. 339 

. 257,  258,  259,  261 

. 229 

. 204,  239,  27,  300,314 

. 282,  339 

. 278 

. 286 

. 317 

. 17,  224 

. 157 

. 59 

. 248 


42 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000 


Plichta,  E . 23,  6 

Poizot,  P. . 1 1, 117 

Polyschuk,  Y. . 341 

Portal,  R . 201 

Potiron,  E . 157 

Pouillerie,  C . 237 

Pozin,  M . 352,  361 

Prabaharan,  S.R.S . 233,  84 

Prakash,  J . 37 

Prasad,  R . 137 

Preishuber-Pfl^gl,  P. . 73 

Prem  Kumar,  T. . 116,  261 

Prosini,  P.P. . 347,  368,  369 

Puglia,  F. . 351 

Purgin,  V. . 98 

Pyun,  S.-1 . 167,  168,  169,  80 

Qi,  L . 370 

Quartarone,  E . 317 

Quarton,  M . 206 

Quine,  T.E . 15,  260 

R.  Sriram . 238 

Radshenko,  V.V. . 149 

Raekelboom,  E . 151 

Raghavan,  M . 257,  258,  259,  261 

Ramesh  Babu,  B . 257,  258,  259,  261 

Ramsey,  M.G . 380 

Rao,  G . 346 

Rao,  G.V.S . 187 

Ravet,  N . 166 

Reale,  P. . 92 

Reiche,  A . 307 

Reimer,  J.A . 216 

Reimers,  J . 212 

Reisner,  D . 341 

Rendek  Jr.,  L . 33 

Renganathan,  N.G . 116, 257,  258,  259,  261 

Ribalka,  A . 333 

Ribes,  M . 55 

Richardson,  T. . 334 

Robertson,  A.D . 15,  193,  260 

Rodriguez-Carvajal,  J . 205,  21 

Rogalska,  E . 310 

Roh,  K.-S . 350 

Romagnoli,  P.  . 367 

Romanovskaya,  L . 333 

Ronci,  F.  . 155,  204 

Rosenberg,  Y. . 60,  62 

Ross,  P.  . 334 

Rossignol,  C . 190 

Rosso,  M . 375 

Rouault,  H . 189 

Rougier,  A . 213 

Rousse,  G . 205,  208 

Rouzaud,  J.N . 133 

Rowsell,  J . 118 

Roy,  B . 119 

Rozhkov,  V. . 98 

Roziere,  J . 185,  224 

Ruffo,  R . 195 

Ruth  Mangani,  1 . 256 

Rykart,  B . 76,  9 

Severine,  J . 196 

Sadoway,  D . 29,  321 

Saha,  S.K . 270 


Saishou,  K . 344 

Saito,  H . 322 

Saito,  M . 287 

Saito,  Y. . 335,  336 

Sakaebe,  H . 197,  220,  225 

Sakaguchi,  H . 104 

Sakai,  H . 183 

Sakai,  T.  . 101,  162,  215,  225, 227,  362 

Sakata,  H . 283 

Sakurai,  S . 101 

Sakurai,  T . 156 

Sakurai,  Y. . 181 

Salam,  F. . 46 

Salitra,  G . 180 

Salomon,  M . 214,  23 

Sanchez,  L . 112 

Sandner,  B . 307 

Sano,  A . 148 

Santhanam,  R . 246 

Santiago,  E . 264 

Santis,  M . 121 

Santos-Pena,  J . 112 

Sarac,  A.S . 268 

Sarakonsri,  T. . 125 

Sarradin,  J . 55 

Sartori,  P. . 22 

Sasaki,  Y. . 275 

Sato,  T. . 102 

Sato,  Y. . 379 

Satolli,  D . 198 

Sawa,  S . 232 

Sawai,  K . 64,  65 

Sayers,  B . 324 

Scaccia,  S . 369 

Schechter,  A . 34,  86 

Scherson,  D . 33 

Schleich,  D.M . 13,  99,  100,  112 

Schmidt,  C . 49 

Schmidt,  M . 178,  22 

Schmied,  M . 73 

Schoonman,  J . 106,  240,  291,  348 

Schwenzel,  J . 41 

Scrosati,  B . 155,  175,  198,  204,  239, 

. 27,  300,  314,  35,  367,  92 

Seel,  J.A . 74 

Sekine,  K . 105,  107,  287 

Sekino,  M . 231,  328 

Sekiya,  S . 275 

Selladurai,  S . 256 

Selman,  J.R . 357 

Sergeev,  V. . 98 

Servant,  L . 386 

Seung,  D.-Y.  . 234,  374 

Sever  Skapin,  A . 191 

Shao-Hom,  Y.  . 262 

Shembel,  E . 159,  180,  248,  333,  341, 70 

Shi,  J . 126 

Shiao,  A . 214 

Shiao,  H.C.A . 23 

Shigemura,  H . 220 

Shikano,  M . 225 

Shim,  Y.-J . 350 

Shimada,  H . 278 

Shin,  H.-C . 167 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 


43 


Shinelev,  E.A . 

Shiraishi,  N . 

Shiraishi,  Y. . 

Shirakata,  M . 

Shizuka,  K . 

Sin,  H.-S . 

Siow,  K.S . 

Skarstad,  P.  . 

Skekhtman,  A . 

Skotheim,  T. . 

Slane,  S . 

Slegr,  H . 

Smart,  M . 

Smyrl,  W. . 

Soavi,  F. . 

Sohn,  H.-J . 

Soiron,  S . 

Sokolsky,  G.V. .... 

Sominski,  L . 

Song,  X . 

Sonoda,  T . 

Soo,  P. . 

Souquet,  J.-L . 

Speiss,  F. . 

St-Amant,  G . 

Staelin,  D . 

Staniewicz,  R.J. .. 

Staub,  R . 

Stauss,  E . 

Steiner,  R . 

Stelzer,  F. . 

Storey,  C . 

Stramare,  S . 

Strauss,  E . 

Strobel,  P. . 

Subramanian,  V... 
Sudalaimuthu,  R. 

Suematsu,  S . 

Sugihara,  T. . 

Sugimoto,  K . 

Suhara,  M . 

Suib,  S . 

Sukumaran,  G . 

Sun,  H.Y. . 

Sun,  L . 

Sun,  X . 

Surampudi,  S . 

Suzuki,  H . 

Suzuki,  J . 

Suzuki,  Y. . 

Svanberg,  C . 

Svcrdlov,  E . 

Sylv^re,  S . 

Sylvie,  B . 

Sylvie,  H . 

T,  Prem  Kumar  .. 

Tabuchi,  M . 

Taillades,  G . 

Tajima,  H . 

Takada,  K . 

Takahashi,  K . 

Takahashi,  M . 

Takami,  N . 

Takamura,  T. . 


. 385 

. 87 

. 384 

. 147 

. 176 

. 350 

. 296 

. 49 

. 360 

. 353 

. 23,  329 

. 345 

. 127,  7 

. 30 

. 53 

..304,  78,  79,  88,  95,  96 

. 213 

. 146 

. 87 

. 25,  68 

. 283 

. 29,321 

. 39 

. 75 

. 271 

. 321 

. 3 

. 50 

. 365 

. 17,  224 

. 73 

. 234, 345 

. 41 

. 366 

. 192 

. 116 

. 309 

. 387 

. 156 

. 297 

. 150 

. 75 

. 238,  243,  250 

. 364,  370 

. 58 

. 162,  164,  277 

. 127,  7 

. 102 

. 105,  107,287 

. 115 

. 31 

. 326 

. 196 

. 286 

. 286 

. 243,  250, 309 

111,220,  226,  232,  236 

. 55 

. 340 

. 40 

. 215 

. 181 

. 328 

. 105,  107,287 


Takano,  K . 

Takayama,  T. . 

Takeda,  Y.  . 

Takei,  K . 

Takemitsu,  T . 

Takeuchi,  E.S . 

Takeuchi,  K.J . 

Takigawa,  Y. . 

Takita,  Y.  . 

Tamaki,  J . 

Tamura,  S . 

Tanaka,  T.  . 

Taniguchi,  S . 

Tanuma,  K . 

Tarascon,  J.-M . 

Tarascon,  J.M . 

Tatebayashi,  Y. . 

Tatsumi,  K . 

Teagle,  D . 

Teeters,  D . 

Telezhkin,  V.  . 

Terada,  Y. . 

Thackeray,  M.M . 

Thangadurai,  V. . 

Thirunakaran,  R . 

Thomas,  J . 

Thomas,  J.O . 

Tikhonov,  Jr.,  K.  ... 

Tikhonov,  K . 

Tobishima,  S . 

Topart,  P. . 

Torlone,  G . 

Torres,  L . 

Torn,  I . 

Toshikatsu,  T. . 

Tossici,  R . 

Totir,  D . 

Touboul,  M . 

Trapa,  P. . 

Tsai,  Y.-W. . 

Tsuboi,  A . 

Tsuda,  S . 

Tsutsumi,  S . 

Tucker,  M.C . 

Turgeman,  R . 

Uchida,  I . 

Uchimoto,  Y.  . 

Uebou,  Y. . 

Ueno,  M . 

Ulus,  A . 

Umegaki,  T . 

Ungar,  G . 

Urbano,  A . 

Usami,  K . 

Usami,  T . 

Uvarov,  N . 

Vaidyanathan,  H. ... 

van  Beck,  J.R . 

Van  dcr  Ven,  A . 

Van  Landschoot,  N. 
van  Schalkwijk,  W. 

Vanessa,  L . 

Vasanthi.  R . 

Vaughan,  G . 


. 335,  336 

. 379 

.14,  186,  364,  370,  63 

. 181 

. 288 

. 330 

. 330 

. 236 

. 122, 123 

. 111,236 

. Ill 

. 1 

. 340 

. 379 

. 11,  117,  208,  93 

. 213 

. 231 

. 101,  134,215 

. 358 

. 140 

. 98 

. 221,222 

.2,  119,  125,  137,  244 

. 41 

. 257,  258,  259,  261 

. 119,  197,  225 

. 20 

. 361 

. 352 

. 181 

. 99 

. 210,  342 

. 132 

. 338 

. 338 

. 239 

. 33 

. 11,  117 

. 29 

. 254 

. 285 

. 5 

. 71 

. 216 

. 34,  86 

. 357,  43 

. 242 

. 111,236 

. 319 

. 62 

. 323 

. 313 

. 263 

. 275,  322 

. 102 

. 217 

. 346 

. 331 

. 252 

. 348 

. 47 

. 202 

. 256 

. 165 


44 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000" 


Vaughey,  J.T . 

Venkatachalam,  S. 
Venkatasetty,  H.V. 

Verbaere,  A . 

Vereda,  F. . 

Victoria,  O . . 

Videa,  M . . 

Vinatier,  P. . 

Vishnyakov,  L . 

Vittadello,  M . 

Vladimir,  G . 

von  Sacken,  U.  ... 

Vukson,  S . 

Wachtler,  M . 

Wagner,  M.R . 

Waki,  M . 

Wakihara,  M . 

Wallez,  G . 

Walsh,  F. . 

Wang,  D . 

Wang,  G.X . 

Wang,  H . 

Wang,  X . 

Wang,  X . 

Wang,  Y.  . 

Ward,  I . 

Watanabe,  H . 

Watanabe,  M . 

Watanabe,  O . 

Weaving,  J . 

Weinkauf,  A . 

Weller,  M . 

Wen,  Z . 

Weppner,  W.  . 

Wessen,  B . 

White,  R . 

Whitfield,  P. . 

Williamson,  M.  .. 

Willmann,  P.  . 

Wilson,  A.M . 

Winter,  M . 


Wohlfahrt-Mehrens ,  M. 

Wolf,  R . 

Wolfenstine,  J . 

Wright,  P.V. . 

Wrodnigg,  G.H . 

Wunder,  S . 

Wurm,  C . 

Xia,  Y. . 

Xia,  Y.  . 

Xiao,  T.  . 

Xing,  X.-K . 

Xu,  W. . 

Yagi,  Y.  . 

Yagupolskii,  Y. . 


. 119,  125 

. 238,  243,  250 

. 295 

. 157 

. 383 

. 81 

. 274 

. 241 

. 70 

. 318 

. 81 

. 163,  209,  212 

. 7 

. 12,  72,  73 

. 73 

. 236 

. 115,  16,  308 

. 206 

. 352,  361 

. 59,  59 

. 152,  58 

. 299 

. 59 

. 227 

. 175,212,314,  32 

. 311 

. 344 

. 303, 40 

. 319 

. 358 

. 307 

. 151 

. 305 

. 41 

. 301 

. 279 

. 345 

. 311 

. 237,  272 

. 209 

113,  12,  120,  121, 136,  289, 

. 290,  380,  72, 73 

. 229 

. 50 

. 214 

. 313 

. 113,  12,  289 

. 299 

. 165,21 

. 101,  162,215,225 

. 227 

. 341 

. 164 

. 274 

. 227 

. 283 


Yakimov,  V. . 98 

Yakovleva,  M . 160,  164 

Yamada,  O . 145 

Yamaguchi,  K . 105,  107,  287 

Yamaki,  J.-1 . 144,  232 

Yamamoto,  M . 328 

Yamamoto,  N . 188,  325 

Yamamoto,  0 . 305,  364,  370,  63 

Yamamoto,  Y.  . 111,236 

Yamaura,  J . 71 

Yanagida,  K . 337 

Yanai,  A . 337 

Yang,  J . 14,  364,  370, 63 

Yang,  L . 137 

Yang,  X.-Q . 162,  164,  277 

Yao,  T. . 242 

Yazami,  R . 77,  8 

Yo,  K . 338 

Yokoyama,  A . 379 

Yokoyama,  S . 308 

Yoneda,  H . 52 

Yonemura,  M . 226 

Yonezawa,  M . 147 

Yonezu,  1 . 219,  337 

Yong.T.T.  . 84 

Yoo,  Y. . 234 

Yoon,  W.-S . 170,  171,  172,  173,  174 

Yoshida,  A . 52 

Yoshida,  M . 105 

Yoshimoto,  N . 145 

Yoshimura,  S . 219 

Yoshino,  A . 232 

Yoshio,  M . 122,  123,  162,  194,  215,  227,  228 

Yoshioka,  K . 52 

Yufit,  V. . 60 

Yun,  K.-S . 44 

Yves,  P. . 196,  202 

Zaderey,  N . 248,  333,  70 

Zaghib,  K . 25 

Zaghib,  K.V.  . 90 

Zane,  D . 135 

Zanghellini,  E . 110 

Zerigian,  P. . 383 

Zhang,  G . 130 

Zhang,  M . 212 

Zhang,  S . 285 

Zhang,  Z . 279 

Zhaolin,  L . 67 

Zheng,  T. . 36 

Zheng,  Y. . 313 

Zhiyuan,  T.  . 154,  158 

Zhong,  Q . 163 

Zhonghua,  L . 179 

Zhu,  J . 87 

Zygadlo-Monikowska,  E . 310 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000 " 


45 


Notes 


46 


10th  International  Meeting  on  Lithium  Batteries  •  “Lithium  2000” 


Notes 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 ” 


47 


Notes 


10th  International  Meeting  on  Lithium  Batteries  •  “ Lithium  2000 ” 


IMLB  11 

Hth 

International 
Meeting  on 
Lithium  Batteries 


JUNE  23-28,  2002 

MONTEREY  CONFERENCE  CENTER 
&  DOUBLETREE  HOTEL 

MONTEREY, 

CALIFORNIA 

www.electrochem.org/meetings/01 1/imlbl  l.html 


io*  International  Meeting 
on  Lithium  Batteries 


"Lithium  2000” 


Villa  Erba  Conference  Center 
Como,  Italy 

May  28-June  2,  2000 


( 


■ 


■ill 


§J 


Copyright  2000 
by 


The  Electrochemical  Society,  Inc. 


Presentation  of  a  paper  at  a  technical  meeting  sponsored 
by  The  Electrochemical  Society  (ECS)  does  not  guaran¬ 
tee  publication  in  full  by  ECS.  Not  all  illustrations  to  be 
presented  during  a  paper  delivery  are  reproduced  here. 
Production  limitations  to  this  volume  caused  illustration 
reduction  to  a  point  where  a  phenomenon  described  by 
the  author  may  have,  in  some  cases,  been  lost  in  repro¬ 
duction.  All  magnifications  are  those  existing  before  pho¬ 
tographic  reproduction.  Statements  and  opinions  given  in 
this  abstracts  volume  are  those  of  the  contributors  and 
neither  The  Electrochemical  Society,  Inc.  nor  the  other 
sponsors  of  this  meeting  assume  any  responsibility  for 
them. 


The  Abstracts  contained  herein  may  not  be  reprinted  and 
may  not  be  digested  by  publications  other  than  those  of 
The  Electrochemical  Society,  Inc.  in  excess  of  1/6  of  the 
material  presented.  Rights  and  permissions  requests 
should  be  addressed  to:  Director  of  Publications,  The 
Electrochemical  Society,  Inc.,  65  South  Main  Street, 
Pennington,  New  Jersey  08534-2839,  USA. 


ISBN  1-56677-283-4 


Printed  in  the  United  States  of  America 


CHAIRMAN 


Bruno  Scrosati 
Dipartimento  di  Chimica 
Universita  MLa  Sapienza" 

Piazzale  A.  Moro  5 
00185  Rome,  Italy 
Phone:  +39-6-49913530 
Fax:  +39-6-491769 
Email:  scrosati  @  axrma.uniromal  .it 

CO-CHAIRMEN 

Peter  G.Bruce  -  University  of  St.  Andrews,  Scotland 
Frank  R.  McLamon  -  Lawrence  Berkeley  Laboratory,  USA 
Zempachi  Ogumi  -  Kyoto  University,  Japan 

INTERNATIONAL  SCIENTIFIC  COMMITTEE 

K.  M.  Abraham  -  Covalent  Associates,  Inc,  USA 
M.  Armand  -  Universite  de  Montreal,  Canada 
R.  Atanasoski  -  3M  Research  Center,  USA 
D.  Aurbach  -  Bar-Ilan  University,  Israel 
J.  O.  Besenhard  -  Technische  Universitat  Graz,  Austria 
M.  Broussely  -  SAFT,  Advanced  Batteries,  France 
K.  R.  Bullock  -  C&D  Technologies,  Inc.,  USA 
J.  Dahn  -  Dalhousie  University,  Canada 
G.  C.  Farrington  -  Lehigh  University,  USA 
G.  T-K.  Fey  -  National  Central  University,  Taiwan,  ROC 
R.  Marassi  -  Universita  di  Camerino,  Italy 
M.  Mastragostino  -  Universita  di  Bologna,  Italy 
R.  Neat  -  AEA  Technology,  Harwell,  UK 
B.  B.  Owens  -  Research  International,  USA 
T.  Osaka  -  Waseda  University,  Tokyo,  Japan 
J.  -K.  Park  -  KAIST,  Korea 
E.  Peled  -  Tel  Aviv  University,  Israel 
W.  H.  Smyrl  -  University  of  Minnesota,  USA 
E.  Spila  -  Eldor  Corporation,  Italy 
J.  M.  Tarascon  -  Universite  de  Picardie  Jules  Verne,  France 
M.  Thackeray  -  Argonne  National  Laboratory,  USA 
J.  Thomas  -  Uppsala  University,  Sweden 
R.  Vellone  -  ENEA,  Rome,  Italy 
C.  A.  Vincent  -  University  of  St.  Andrews,  Scotland 
M.  Wakihara  -  Tokyo  Institute  of  Technology,  Japan 
K.  West  -  Technical  University  of  Denmark 
O.  Yamamoto,  Mie  University,  Japan 

LOCAL  ORGANIZING  COMMITTEE 

Fausto  Croce,  Universita  di  Roma,  Italy 
Roberto  Marassi,  Universita  di  Camerino,  Italy 
Marina  Mastragostino,  Universita  di  Bologna,  Italy 
Stefania  Panero,  Universita  di  Roma,  Italy 
Francesca  Schiatti,  Villa  Erba,  S.p.A.,  Italy 
Bruno  Scrosati,  Universita  di  Roma,  Italy 
Eraldo  Spila,  Eldor  Corp,  S.p.A.,  Italy 


iii 


MEETING  ORGANIZATION 


Administration 

The  Electrochemical  Society.  Inc 
65  South  Main  Street 
Penninton,  NJ  08534-2839,  USA 
Phone:  609.737.1902 
Fax:  609.737.2743 
E-mail:  ecs@electrochem.org 

Responsible  Persons:  Brian  E.  Rounsavill  &  Elizabeth  Brennfleck 


LOCAL  ARRANGEMENTS 

Centro  Volta 

Villa  Olmo,  Via  Cantoni  1 
22100  Como,  Italy 
Phone:  39-031-579-812 
Fax:  39-031-573-395 
E-mail:  stefanetti @ icil64.cilea.it 
Responsible  persons:  Chiara  Stefanetti  &  Nadia  Tasini 


SPONSORS 


W  i i- 


Comitato  Comasco  per  le  Manifestazioni  Voltiane  nel  Bicentenario 
dell’Invenzione  della  Pila  1997-2000; 


The  Electrochemical  Society,  Inc,  Battery  Division; 

The  Electrochemical  Society  Inc;  European  Local  Section; 


Electrochemical  Society  of  Japan,  Committee  of  Battery  Technology; 
Electrochemical  Society  of  Japan,  Committee  on  Capacity  Technology; 


Universita  “La  Sapienza”  di  Roma; 


Elettrochimica  ed  Energia,  Roma 


Divisione  Elettrochimica  della  Societa  Chimica  Italiana; 


ENEfk 


LI3E5 


ARCOTRONICS  ITAUA 


RUSimariT 

'f'f  Sp5' 


ENEA,  Ente  per  le  Nuove  Tecnologie,  1’Energia  e  TAmbiente,  Roma 

Lithium  Battery  Energy  Storage  Technology  Research  Association 

US  Army  European  Research  Office,  London 

ARCOTRONICS  ITALIA  SpA 

AUSIMONT  SpA 

ELDOR  Corporation 


IV 


Abstract 

Number 


IMLB  10  -  TENTH  INTERNATIONAL  MEETING  ON  LITHIUM  BATTERIES 
The  Electrochemical  Society,  Inc.  /  Centro  Volta  -  Como 

1  Year  2000  R&D  Status  of  Large-Scale  Lithium  Secondary  Batteries  in  the  National  Project  of  Japan 

T.  Tanaka  and  N.  Arai 

2  From  Gems  to  Lithium  Battery  Electrodes 

M.M.  Thackeray 

3  Aging  Mechanism  in  Li  Ion  Cells  and  Calendar  Life  Predictions 

M.  Broussely,  S.  Herreyre,  P.  Biensan,  P.  Kasztejna,  K.  Nechev,  and  R.J.  Staniewicz 

4  The  Status  of  Sony  Li-Ion  Polymer  Battery 

K.  Nakajima,  K.  Kezuka,  and  T.  Hatazawa 

5  Battery  Technologies  and  Based  on  the  Requirement  for  Applications  and  Future  Movement 

S.  Tsuda 

6  U.S.  Army  Portable  Power  Programs 

R.  Hamlen,  G.  Au,  M.  Brundage,  M.  Hendrickson,  and  E.  Plichta 

7  Lithium-Ion  Batteries  for  Aerospace  Applications 

R.  Marsh,  S.  Vukson,  S.  Surampudi,  R.  Bugga,  M.  Smart,  M.  Manzo,  and  P.  Dalton 

8  From  Rome  to  Como:  Twenty  Years  of  Active  Research  on  Carbon  Based  Electrodes  for  Lithium  Batteries  at  INP-Grenble 

R.  Yazami 

9  The  Complex  Electrochemistry  of  Graphite  Electrodes  in  Lithium-Ion  Batteries 

P.  Novak,  F.  Joho,  M.  Lanz,  B.  Rykart,  J.-C.  Panitz,  D.  Alliata,  and  R.  Koetz 

10  High-Capacity  Carbons  for  Lithium-Ion  Batteries  Prepared  from  Rice  Husk 

G. T.-K.  Fey  and  C.-L.  Chen 

1 1  Searching  for  Anode  Materials  for  the  Li-Ion  Technology:  Time  to  Deviate  from  the  Usual  Path... 

P.  Poizot,  S.  Laruelle,  E.  Baudrin,  S.  Denis,  M.  Touboul,  and  J.-M.  Tarascon 

12  Film-Forming  Electrolyte  Additives  for  Li-Carbon  and  Li- Alloy  Anodes 

J.O.  Besenhard,  G.H.  Wrodnigg,  K.-C.  Moller,  H.  Buqa,  M.  Wachtler,  and  M.  Winter 

13  Novel  Anodes  for  Lithium  Ion  Batteries 

T.  Brousse,  O.  Crosnier,  P.  Fragnaud,  and  D.  Schleich 

14  New  CompositeAnode  Systems  Combined  with  Li2  6Co0  4N 

Y.  Takeda  and  J.  Yang 

15  Layered  LiMn02  and  Spinel-Based  Compounds  as  Positive  Electrodes  in  Rechargeable  Batteries:  Structure,  Transformation 
and  Properties 

P.G.  Bruce,  A.R.  Armstrong,  A.D.  Robertson,  M.J.  Duncan,  A .J.  Fowkes,  and  T.E.  Quine 

16  Charge-Disharge  Properties  of  Spinel  Oxides  as  the  Cathode  for  Lithium  Secondary  Battery 

M.  Wakihara 

17  Novel  Layered  Cathode  Materials  for  Advanced  Lithium  Ion  Batteries 

B.  Ammundsen,  J.  Desilvestro,  R.  Steiner,  and  P.  Pickering 

18  STM  Study  on  Lithium  Manganese  Oxide  Cathodes 

M.  Inaba,  T.  Abe,  and  Z.  Ogumi 

19  Effects  of  Cationic  Disorder  and  Defects  on  the  Structural  Behaviour  of  the  Lix(M,L)02  (M  =  Ni,  Co)  Phases 

C.  Delmas 

20  The  Source  of  First-Cycle  Capacity  Loss  in  LiFeP04 

A.S.  Andersson  and  J.O.  Thomas 

21  A  Survey  of  Poly  anionic  Structures  Hosts  For  Reversible  Lithium  Insertion 

C.  Masquelier,  C.  Wurm,  J.  Rodriguez-Carvajal,  J.  Gaubicher,  and  L.  Nazar 

22  Lithium  Fluoralkylphosphates,  A  New  Class  of  Conducting  Salts  for  Electrolytes  for  High  Energy  Lithium-Ion  Batteries 

M.  Schmidt,  U.  Heider,  A.  Kuehner,  R.  Oesten,  M.  Jungnitz,  N.  Ignat'ev,  and  P.  Sartori 

23  Low  Temperature  Behavior  of  Li-Ion  Cells 

H. -P.  Lin,  M.  Salomon,  H.C.(A.  Shiao,  M.  Hendrickson,  E.  Plichta,  and  S.  Slane 

24  Composition,  Depth  Profiles  and  Lateral  Distribution  of  Materials  in  the  SEI  Built  on  HOPG  -TOF  SIMS  and  XPS  Studies 

E.  Peled,  D.  Bar  Tow,  A.  Merson,  A.  Gladkich,  and  L.  Burstein 

25  In  Situ  Studies  of  SEI  Formation 

F.  Kong,  R.  Kostecki,  G.  Nadeau,  X.  Song,  K.  Zaghib,  K.  Kinoshita,  and  F.  McLamon 

26  Batteries  for  Transportation:  Are  We  Missing  the  Boat? 

M.  Armand 

27  PEO-Based  Nanocomposite  Polymer  Electrolytes 

F.  Croce,  L.  Persi,  and  B.  Scrosati 

28  Electrochemical  Characteristics  of  Polymer  Electrolytes  Based  on  P(VDF-co-HFP)/PMMA  Ionomer  Blend  for  PLIB 

J.-K.  Park  and  Y.-G.  Lee 


v 


Abstract 

Number 


29  Self-Doped  Block  Copolymer  Electrolytes  (SDBCEs)  for  Solid-State,  Rechargeable  Lithium  Batteries 

D.  Sadoway,  A.  Mayes,  B.  Huang,  P.  Trapa,  P.  Soo,  and  P.  Bannerjee 

30  Electrochemical  and  Synchrotron  Radiation  XAS  Studies  of  Lithium  Intercalation  Into  Vanadium  Pentoxide  Aerogels  and 
Nanocomposites 

W.  Smyrl,  S.  Passerini,  M.  Giorgetti,  F.  Coustier,  M.  Fay,  and  B.  Owens 

31  Light  Scattering  and  Computational  Studies  on  Ionic  Interaction  and  Dynamics  in  Polymer  Based  Gel  Electrolytes 

P.  Johansson,  C.  Svanberg,  R.  Bergman,  and  P  Jacobsson 

32  Solid  State  NMR  Studies  of  Lithium  Ion  Battery  Materials 

S.  Greenbaum,  Y.  Wang,  S.  Chung,  and  X.  Guo 

33  In  Situ  and  Ex  Situ  Strategies  for  the  Study  of  Lithium  Battery  Electrodes 

L.  Rendek  Jr.,  D.  Totir,  G.  Chottiner,  and  D.  Scherson 

34  Rechargeable  Magnesium  Battery  Technology,  a  Comparison  with  Li  Battery  Systems 

D.  Aurbach,  Y.  Gofer,  Z.  Lu,  A.  Schechter,  O.  Chusid,  H.  Gizbar,  Y.  Cohen,  V.  Ashkenazi, 

M.  Moshkovich,  R.  Turgeman,  and  E.  Levi 

35  Nanomaterial-Based  Li-Ion  Battery  Electrodes 

C.  Martin,  N.  Lee,  and  B.  Scrosati 

36  Microstructure  Effects  in  Plasticized  PVDF-HFP-Based  Electrodes  for  Plastic  Li-Ion  Batteries 

A.  Du  Pasquier,  T.  Zheng,  G.  Amatucci,  and  A.  Gozdz 

37  Investigations  of  Non-Flammable  Phosphazene  Based  Compounds  for  Lithium  Ion  Batteries 

J.  Prakash  and  C.-W.  Lee 

38  Development  of  Lithium  Polymer  Batteries  with  Gel  Polymer  Electrolyte 

S.  Narukawa  and  I.  Nakane 

39  Glassy  Materials  for  Lithium  Batteries  -  Theoretical  Aspects  and  Devices  Performances 

M.  Duclot  and  J.-L.  Souquet 

40  Research  on  Highly  Reliable  Solid-State  Lithium  Batteries  in  NIRIM 

K.  Takada,  T.  Inada,  A.  Kajiyama,  M.  Kouguchi,  S.  Kondo,  and  M.  Watanabe 

41  Materials  Development  for  High-Performance  Lithium  Batteries 

R. A.  Huggins,  A.  Netz,  V.  Thangadurai,  J.  Schwenzel,  S.  Stramare,  and  W.  Weppner 

42  Modeling  Lithium-Ion  Battery  Oven  Exposure  Tests 

J.  Dahn,  T.  Hatchard,  D.  MacNeil,  and  L.  Christensen 

43  Recent  Investigations  on  Thin  Films  and  Single  Particles  of  Transition  Metal  Oxides  for  Lithium  Batteries 

I.  Uchida,  M.  Mohamedi,  M.  Nishizawa,  and  T.  Itoh 

44  Recent  Advances  on  Rechargeable  Lithium  Ion  Polymer  Batteries  in  Korea 

K. -S.  Yun,  B.-W.  Cho,  W.-I.  Cho,  and  H.-S.  Kim 

45  Lithium  Metal/Polymer  Battery 

T.  Osaka 

46  Solid  State  Polymer  Battery  Based  on  Lithium  Titanate  Anode 

P  Birke  and  F.  Salam 

47  Shaped  Charge:  Adjustable  Form-Factor  Lithium-Ion  Batteries 

W.  van  Schalkwijk  and  M.  Juzkow 

48  The  Role  of  Lithium  Batteries  in  Modem  Health  Care 

C.F.  Holmes 

49  The  Future  of  Lithium  and  Lithium-Ion  Batteries  in  Implantable  Medical  Devices 

C.  Schmidt  and  P  Skarstad 

50  Primary  Batteries  for  Implantable  Pacemakers  and  Defibrillators 

J.  Drews,  G.  Fehrmann,  R.  Staub,  and  R.  Wolf 

51  Medical  Batteries  for  External  Medical  Devices 

S.  Passerini  and  B.  Owens 

52  Advanced  Capacitors  and  Their  Application 

S.  Nomoto,  H.  Nakata,  K.  Yoshioka,  A.  Yoshida,  and  H.  Yoneda 

53  Polymer-Based  Supercapacitors 

M.  Mastragostino,  C.  Arbizzani,  and  F.  Soavi 

54  New  Conducting  Polymers  for  Supercapacitors  and  Lithium  Batteries 

K.  Naoi 

55  Tin/Tin  Oxide  Thin  Film  Electrodes  for  Lithium-Ion  Batteries 

J.  Sarradin,  N.  Benjelloun,  G.  Taillades,  and  M.  Ribes 

56  Optimization  of  Physicochemical  Characteristics  of  a  Lithium  Anode  Interface  for  High-Efficiency  Cycling 

M.  Ishikawa  and  M.  Morita 


vi 


Abstract 

Number 


57  Improved  Carbon  Anode  Properties:  Pretreatment  of  Particles  in  Polyelectrolyte  Solution 

M.  Gaberscek,  M.  Bele,  R.  Dominko,  J.  Drofenik,  and  S.  Pejovnik 

58  Graphite-Tin  Composites  as  Anode  Materials  for  Lithium-ion  Batteries 

G.X.  Wang,  J.-H.  Ann,  L.  Sun,  M  J.  Lindsay,  D.H.  Bradhurst,  S.X.  Dou,  and  H.K.  Liu 

59  Study  on  Electrochemical  Behavior  of  Carbon  Materials  for  Lithium-Ion  Battery 

D.  Wang,  Y.  Gao,  D.  Wang,  Z.  Li,  X.  Ping,  and  X.  Wang 

60  On  The  Possibility  of  forming  Superdense  Lithium  Graphite  Intercalation  Compounds  by  Electrochemical  Means 

E.  Peled,  D.  Bar  Tow,  V.  Yufit,  and  Y.  Rosenberg 

61  Charge/Discharge  Characteristics  of  the  Coal-tar  Pitch  Carbon  as  Negative  Electrodes  in  Li-Ion  Batteries 

J.-S.  Kim  and  Y.-T.  Park 

62  Fast  Electrochemical  Formation  of  Nanostructure  Alloys  as  Anodes  in  Lithium  -  Ion  Batteries 

E.  Peled,  A.  Ulus,  and  Y.  Rosenberg 

63  Irreversibility  Compensation  of  SnO  Anodes  by  Li2  6Co0  4N 

J.  Yang,  Y.  Takeda,  N.  Imanishi,  and  O.  Yamamoto 

64  Impedance  Measurements  of  Graphite  Negative  Electrode  for  Lithium-Ion  Batteries 

K.  Sawai  and  T.  Ohzuku 

65  Direct  Evidence  on  Anomalous  Expansion  of  Graphite  Negative  Electrodes  on  1st  Charge  by  Dilatometry 

T.  Ohzuku,  N.  Matoba,  and  K.  Sawai 

66  Dispersed  Silicon-Graphite  Powder:  A  High  Capacity  Anode  Material  for  Rechargeable  Lithium-Ion  Batteries 

J.  Niu  and  J.  Lee 

67  Electrochemical  Performance  of  Pb3(P04)2  Anodes  in  Secondary  Lithium  Batteries 

L.  Zhaolin  and  L.  J.Y 

68  Electrochemical/Interfacial  Studies  of  Carbon  Films  in  Non-aqueous  Electrolytes 

D.  Alliata,  R.  Kostecki,  X.  Song,  K.  Kinoshita,  and  R.  Koetz 

69  Reversible  Reaction  of  Li  with  Grain  Boundary  Atoms  in  SnMn3C 

L.  Beaulieu,  D.  Larcher,  R.  Dunlap,  and  J.  Dahn 

70  The  Influence  of  the  Structure  of  Initial  Material  and  the  Ways  of  Its  Modification  on  Electrochemical  Properties  of  the 
Graphite  Anodes  in  Lithium-Ion  Systems. 

E.  Shembel,  N.  Globa,  N.  Zaderey,  A.  Baskevich,  O.  Ksenzhek,  K.  Kylyvnyk,  T.  Pastushkin, 

L.  Vishnyakov,  and  V.  Kokhany 

71  Nitride  Electrode  for  Rechargeable  Lithium  Battery 

Y.  Nitta,  J.  Yamaura,  M.  Hasegawa,  S.  Tsutsumi,  H.  Ohzono,  and  H.  Miyake 

72  Nano-Crystalline  Multi-Phase  Materials  from  the  Ternary  System  Ag-Sb-Sn  as  New  Anodes  with  Increased  Lithium  Storage 
Capacities 

M.  Wachtler,  J.H.  Albering,  M.  Winter,  and  J.O.  Besenhard 

73  Influence  of  the  Binder  on  the  Cycling  Performance  of  Composite  Electrodes  with  Nano-Structured  Lithium  Storage  Metals 
and  Alloys 

M.R.  Wagner,  M.  Wachtler,  M.  Schmied,  P.  Preishuber-Pfl4gl,  F.  Stelzer,  J.O.  Besenhard,  and  M.  Winter 

74  Anion  Intercalation  into  Heat-Treated  XP3  Coke 

J.A.  Seel  and  J.R.  Dahn 

75  Metallic  Anode  Materials  for  Li-ion  Batteries 

G.  Ehrlich,  C.  Durand,  M.  Hetzel,  J.  McGuinn,  X.  Chen,  T.  Hugener,  F.  Speiss,  and  S.  Suib 

76  Relation  Between  Surface  Properties  and  First-Cycle  Irreversible  Charge  Loss  of  Graphite  Electrodes  for  Lithium-Ion 
Batteries 

F.  Joho,  B.  Rykart,  B.  Andreas,  P.  Novak,  and  S.  Michael  E. 

77  Origins  of  Reversible  and  Irreversible  Capacity  Losses  of  Graphite-Lithium  Anode 

A.  Martinent  and  R.  Yazami 

78  Nanocrystalline  Mg2Sn  As  an  Anode  Materials  for  Li-ion  Battery 

H.  Kim,  Y.-J.  Kim,  D.-G.  Kim,  H.-J.  Sohn,  T.  Kang,  and  B.  Park 

79  Al-Based  Active/Inactive  Composite  Anodes  for  Lithium  Rechargeable  Batteries 

G. -J.  Jeong,  Y.-U.  Kim,  H.-J.  Sohn,  T.  Kang,  H.-R.  Kang,  and  S.-W.  Kim 

80  The  Effect  of  Electrolyte  Temperature  on  the  Passivity  of  Solid  Electrolyte  Interphase  formed  on  Graphite  Electrode 

S.-I.  Pyun  and  S.-B.  Lee 

81  Improvement  of  Charge/Discharge  Characteristics  of  Al-X-Li  Alloys  by  Means  of  Varying  the  Alloy  Composition. 

G.  Vladimir,  O.  Victoria,  and  B.  Aleksey 

82  Carbon  Electrode  Morphology  and  Thermal  Stability  of  the  Passivation  Layer 

L.  Fransson,  A.M.  Andersson,  A.  Hussdnius,  and  K.  Edstrom 


vn 


Abstract 

Number 

83  Thermal  Stability  of  a  Hopg/Liquid  Electrolyte  Interface  Using  In  Situ  Electrochemical  Atomic  Force  Microscopy 

K.  Edstr^m  and  M.  Herranen 

84  CaSi2:  A  New  Anode  Material  for  Lithium-Ion  Batteries 

S. R.S.  Prabaharan,  T.T.  Yong,  and  S.  Michael 

85  The  Correlation  Among  Surface  Chemistry,  3D  Structure,  Morphology,  Electrochemical  and  Impedance  Behavior  of 
Lithiated  Carbon  Electrodes 

D.  Aurbach,  J.  Gnanaraj,  J.  Fischer,  and  A.  Claye 

86  A  Comparison  Between  the  Electrochemical  Behavior  of  Reversible  Magnesium  and  Lithium  Electrodes 

D.  Aurbach,  Y.  Gofer,  A.  Schechter,  O.  Chusid,  H.  Gizbar,  Y.  Cohen,  M.  Moshkovich,  and  R.  Turgeman 

87  Novel  SnS2  Anode  for  Rechargeable  Lithium  Battery 

T.  Momma,  N.  Shiraishi,  T.  Osaka,  A.  Gedanken,  J.  Zhu,  and  L.  Sominski 

88  The  Effects  of  Electrolyte  Composition  on  the  Electrochemcial  Behavior  of  Li- Alloy  Electrode 

G. -J.  Jeong,  Y.-J.  Kim,  H.  Kim,  H.-J.  Sohn,  and  T.  Kang 

89  Amorphous  Sn-Ca  Alloy  as  Lithium  Ion  Battery  Anode 

L.  Fang  and  B.V.R.  Chowdari 

90  Influence  of  Edge  and  Basal  Plane  Sites  on  the  Electrochemical  Behavior  of  Rake-Like  Natural  Graphite  for  Li-Ion 
Batteries 

K.V.  Zaghib,  G.  Nadeau,  and  K.  Kinoshita 

91  Nanopartical  Size  Carbon  Materials  for  Lithium  Batteries 

B.  Banov 

92  Study  on  Li[Lii/3Ti5/3]04  as  Anode  Material  for  Lithium  Ion  Batteries 

M.  Arrabito,  S.  Panero,  P.  Reale,  and  B.  Scrosati 

93  In  Situ  TEM  Study  of  the  Interface  Carbone/Electrolyte 

M.  Dolle,  S.  Grugeon,  A.  Cressent,  B.  Beaudoin,  L.  Dupont,  and  J.-M.  Tarascon 

94  The  Electrochemical  Behaviour  and  Structural  Changes  of  Tin-Lead  Anodes  During  Li  Reversible  Insertion 

A.  Momtchilov 

95  Aggregation  and  Li20  Formation  Reaction  in  the  Sn-Based  Oxide  Anodes 

Y.-J.  Kim,  H.-J.  Sohn,  and  T.  Kang 

96  Capacity  Losses  and  Cycle  Behaviors  in  Sn-Based  Anodes 

Y.-J.  Kim,  H.-J.  Sohn,  and  T.  Kang 

97  Hard  Carbon  Prepared  from  Anthracite  Coal  for  Lithium  Ion  Batteries 

I.  Mochida,  C.-H.  Ku,  Y.-J.  Kim,  andY.  Korai 

98  Development  and  Manufacturing  of  the  Lithium  Sources  and  Novel  Generation  Electrode’s  Materials  in  Novosibirsk 

V.  Afanasjev,  V.  Rozhkov,  A.  Alexandrov,  V.  Moukhin,  V.  Mitkin,  V.  Purgin,  V.  Sergeev,  A.  Gorev, 

M.  Medjutov,  V.  Telezhkin,  A.  Enin,  V.  Yakimov,  B.  Antipenko,  and  V.  Ogarkov 

99  Aluminum  Negative  Electrode  in  Lithium  Ion  Batteries 

Y.  Hamon,  T.  Brousse,  F.  Jousse,  P.  Topart,  P.  Buvat,  and  D.M.  Schleich 

100  Influence  of  Particle  Size  and  Matrix  in  "Metal"  Anodes  for  Li-ion  Cells 

O.  Crosnier,  X.  Devaux,  T.  Brousse,  P.  Fragnaud,  and  D.M.  Schleich 

101  Mechanically  Alloyed  Sn-V  Powders  as  Anode  Materials  for  Lithium-ion  Batteries 

Y.  Xia,  T.  Sakai,  T.  Fujieda,  K.  Tatsumi,  S.  Sakurai,  and  A.  Kawabata 

102  TPD/GC-MS  Analysis  of  Solid  Electrolyte  Interface  in  Propylene  Carbonate/Ethylene  Sulfite  Electrolyte  on  Graphite  Anode 
for  Lithium  Batteries 

H.  Ota,  T.  Sato,  H.  Suzuki,  and  T.  Usami 

103  7Li-NMR  Study  on  Li+  Storage/De-Storage  Mechanisms  in  Non-Graphitizable  Carbons 

C. W.  Park,  J.K.  Hong,  and  S.M.  Oh 

104  Mg2Sn:A  New  Anode  Material  for  Rechargeable  Lithium  Batteries 

H.  Sakaguchi,  M.  Kubota,  H.  Honda,  and  T.  Esaka 

105  Surface  Condition  and  Conductivity  Homogeneity  Are  the  Key  Factors  for  Obtaining  High  Power  and  Long  Life  Carbon 
Anode  of  Li-ion  Battery 

J.  Suzuki,  M.  Yoshida,  K.  Yamaguchi,  M.  Kikuchi,  K.  Sekine,  and  T.  Takamura 

106  Graphite-Metal  Oxide  Composites  as  Anode  for  Li-ion  Batteries 

H.  Huang,  E.  Kelder,  and  J.  Schoonman 

107  Key  Factors  for  Material  Designing  of  High  Power  Carbon  Anode  of  Li-Ion  Secondary  Battery 

T.  Takamura,  J.  Suzuki,  K.  Yamaguchi,  T.  Katsuta,  and  K.  Sekine 

108  Doped  Tin  Oxides  as  Potential  Lithium  Ion  Battery  Negative  Electrodes:  Effects  of  Milling  Process 

F.  Belliard  and  J.T.S.  Irvine 

109  Novel  Tin  Oxide  Based  Anodes  for  Li-Ion  Batteries 

P. A.  Connor  and  J.T.S.  Irvine 


viii 


Abstract 

Number 


1 10  The  Effect  of  Lithium  Insertion  on  the  Structure  of  Tin  Oxide  Based  Glasses 

C.  Gejke,  E.  Zanghellini,  L.  Borjesson,  L.  Fransson,  and  K.  EdstrTn 

1 1 1  Electrochemical  Properties  of  Tin-Containing  Thin  Films 

H.  Kobayashi,  Y.  Uebou,  T.  Ishida,  S.  Tamura,  S.  Mochizuki,  T.  Mihara,  M.  Tabuchi,  H.  Kageyama, 

Y.  Yamamoto,  M.  Matsuoka,  and  J.  Tamaki 

1 12  Antimony  Doping  Effect  on  the  Electrochemical  Behavior  of  Sn02  Thin  Film  Electrodes 

J.  Santos-Pena,  T.  Brousse,  L.  Sanchez,  J.  Morales,  and  D.  Schleich 

113  Investigation  of  Solvated  and  Unsolvated  Lithium  Intercalation  Processes  into  Graphitic  Carbons  by  Electrochemical 
Dilatometry 

G. H.  Wrodnigg,  P.  Novak,  J.O.  Besenhard,  and  M.  Winter 

1 14  Stress  Effect  on  Cycle  Properties  of  the  Silicon  Thinfilm  Anode 

S.-J.  Lee,  J.-K.  Lee,  H.-K.  Baik,  and  S.-M.  Lee 

1 15  Electrochemical  Properties  of  MnV206  and  Its  Derivatives  as  New  Anode  Material  for  Lithium  Secondary  Battery 

S.-S.  Kim,  Y.  Suzuki,  H.  Ikuta,  and  M,  Wakihara 

116  Thermally  Oxidised  Graphites  as  Anodea  for  Lithium-Ion  Cells 

M.  Natchi,  R.  Meenakshisundaram,  T.  Prem  Kumar,  A.  Manuel  Stephan,  V.  Subramanian, 

S.  Gopukumar,  and  N.G.  Renganathan 

1 17  X-ray  Absorption  Study  of  Cobalt  Vanadates  During  Cycling  Usable  as  Negative  Electrode  in  Lithium  Battery 

S.  Laruelle,  P.  Poizot,  E.  Baudrin,  V.  Briois,  M.  Touboul,  and  J.-M.  Tarascon 

118  Reversible  Li  Uptake  in  Fe3B06,  a  New  Anode  Material 

J.  Gaubicher,  L.  Nazar,  and  J.  Rowsell 

119  Structural  and  Mechanistic  Studies  of  Intermetallic  Electrodes 

J.  Vaughey,  C.  Johnson,  B.  Roy,  M.  Thackeray,  L.  Fransson,  K.  Edstrom,  and  J.  Thomas 

120  Modified  Carbons  for  Improved  Anodes  in  Lithium  Ion  Cells 

H.  Buqa,  P.  Golob,  M.  Winter,  and  J.O.  Besenhard 

121  Surface  Modification  of  Graphite  Anodes  by  Combination  of  High  Temperature  Gas-Treatment  and  Silylation  in 
Nonaqueous  Solution 

M.  Santis,  H.  Buqa,  C.  Grogger,  J.  Besenhard,  and  M.  Winter 

122  Effects  of  Synthesis  Condition  of  Graphitic  Carbon  Tube  on  Anodic  Property  of  Li  Ion  Battery 

T.  Ishihara,  A.  Kawahara,  H.  Nishiguchi,  M.  Yoshio,  and  Y.  Takita 

123  Anodic  Property  of  Graphitic  Carbon  Nanotube  in  Propylene  Carbonate  Based  Organic  Electrolyte 

A.  Kawahara,  T.  Ishihara,  H.  Nishiguchi,  M.  Yoshio,  and  Y.  Takita 

124  Improved  Rate  Performance  of  Active  Materials  Coated  on  Surface-Modified  Carbon  Black 

H.  Huang  and  L.  Nazar 

125  Electrochemistry  and  Impedance  Analysis  of  Intermetallic  Electrodes  for  Lithium-Ion  Batteries 

C.S.  Johnson,  J.T.  Vaughey,  D.W.  Dees,  A.N.  Jansen,  M.M.  Thackeray,  T.  Sarakonsri,  and  S.A.  Hackney 

126  Benchmark  Study  on  High  Performing  Carbon  Anode  Materials 

C.  Lampe-Onnerud,  J.  Shi,  B.  Barnett,  and  P.  Onnerud 

127  Effects  of  SEI  on  the  Kinetics  of  Lithium  Intercalation 

R.  Bugga,  M.  Smart,  and  S.  Surampudi 

128  In  Situ  AFM  Observation  of  Lithium  Deposition  at  Elevated  Temperatures 

R.  Mogi,  M.  Inaba,  T.  Abe,  and  Z.  Ogumi 

129  Boronated  Mesophase  Pitch  Coke  for  Lithium  Insertion 

E.  Frackowiak,  J.  Machnikowski,  and  F.  Beguin 

130  A  Composite  Carbonaceous  Anode  Material  for  Lithium  Ion  Batteries 

G.  Zhang,  J.  Han,  C.  Du,  Y.  Chen,  and  Q.  Liu 

131  Electrochemical  Lithium  Intercalation  in  Ti02  with  Ramsdellite  Structure 

R.  Amandi,  A.  Kuhn,  and  F.  Garcia- Alvarado 

132  Investigation  of  Lead  Tin  Fluorides  as  Possible  Negative  Electrodes  for  Li-Ion  Batteries 

L.  Garza,  P.  Connor,  F.  Belliard,  L.  Torres,  and  J.  Irvine 

133  A  Microtextural  Approach  of  Lithium  Insertion  in  Hard  Carbons  :  The  "Corridor"  Model 

S.  Gautier,  E.  Frackowiak,  F.  Chevallier,  J.N.  Rouzaud,  and  F.  Beguin 

134  Neutron  Diffraction  Studies  on  Lithium  Non-Graphitizable  Carbon 

R.  Kanno,  A.  Hirano,  T.  Kaminya,  K.  Tatsumi,  M.A.  Mostafa,  M.  Furusaka,  and  T.  Otomo 

135  Investigation  of  the  Solid  Electrolyte  Interface  Film  on  the  Graphitic  Anodes  Surface 

D.  Zane,  A.  Antonini,  and  M.  Pasquali 


IX 


Abstract 

Number 


136  Determination  of  the  Ratio  of  Basal  Plane  Surfaces  and  Prismatic  Surfaces  of  Graphites  And  its  Impact  on  Graphite  Anode 
Performance  in  Lithium  Ion  Batteries 

J.P.  Olivier,  P.  Golob,  and  M.  Winter 

137  First  Principles  Calculations  for  Li  Insertion  into  InSb 

R.  Benedek,  M.  Thackeray,  L.  Yang,  and  R.  Prasad 

138  Phase  Separation  and  Amorphization  in  Lithium  Inserted  Cu-In-Sn  Sulfospinels.  Theoretical  and  Experimental  Approach 

R.  Dedryv6re,  S.  Denis,  P.E.  Lippens,  J.  Olivier-Fourcade,  and  J.-C.  Jumas 

139  Experimental  and  Theoretical  Analysis  of  Li  Insertion  Mechanisms  in  Anode  Materials 

J.  Chouvin,  P.E.  Lippens,  C.  Pdrez  Vicente,  J.  Olivier-Fourcade,  and  J.-C.  Jumas 

140  The  Effects  of  Chemical  Composition  of  Adsorbed  Organic  Molecular  Layers  on  Lithium  Electrode/Polymer  Electrolyte 
Interface  Stabilization 

M.  Le  Granvalet-Mancini,  S.  Gadad,  and  D.  Teeters 

141  Synthesis  and  Characterization  of  Li2Mn409  Cathode  Material 

W.P.  Kilroy,  W.A.  Ferrando,  and  S.  Dallek 

142  Preparation  and  Characterization  of  Li1+xCoyMn2_y04  Spinel  for  Lithium  Battery  Applications 

B.W.  Lee  and  S.H.  Kim 

143  Highly  Rechargeable  LixMn!_yMey02  Mixed  Oxides  Synthesized  via  LT  Techniques 

S.  Franger,  S.  Bach,  J.-P.  Pereira-Ramos,  and  N.  Baffler 

144  Voltage  Prediction  from  Coulomb  Potential  Created  by  Atoms  of  a  Cathode  Active  Material  for  Li  Ion  Cells 

J.-I.  Yamaki,  M.  Egashira,  and  S.  Okada 

145  Influences  of  the  Electrolyte  Composition  on  the  Charge  and  Dischareg  Characteristics  of  LiCr0  jMnj  904  Positive  Electrode 

M.  Morita,  T.  Nakagawa,  O.  Yamada,  N.  Yoshimoto,  and  M.  Ishikawa 

146  Cathode  Material  For  Primary  Lithium  Cells  Based  On  Modified  Manganese  Dioxide 

N. D.  Ivanova,  Y. Y.  Boldyrev,  and  G.V.  Sokolsky 

147  Advantages  of  LiNi0  8Co0  202  Blending  into  Li1+xMn2_x04  Cathode 

T.  Numata,  C.  Kanbe,  M.  Shirakata,  and  M.  Yonezawa 

148  Pyrolysis/GC/MS  Analysis  of  the  Surface  Film  Formed  on  Graphite  Negative  Electrode 

Z.  Ogumi,  A.  Sano,  M.  Inaba,  and  T.  Abe 

149  Corrosion  of  Cathodic  Sulphide  Materials  in  Melted  Ionic  Salt  Electrolytes 

V.A.  Dusheiko,  V.V.  Radshenko,  and  V.U.  Buryak 

150  A  Novel  Method  for  Preparing  Lithium  Manganese  Oxides  and  its  Electrochemical  Characteristics 

Y.  Azuma,  K.  Katayama,  and  M.  Suhara 

151  Structure  and  Electrochemical  Properties  of  the  New  Layered  Li3Cu204  and  Li2Nao687Li0  3i3)Cu204 

E.  Raekelboom,  A.  Hector,  M.  Weller,  and  J.  Owen 

152  Physical  and  Electrochemical  Characterisation  of  LiNi0  8Co0  202  Thin  Film  Electrodes  Deposited  by  Laser  Ablation 

G.X.  Wang,  M.J.  Lindsay,  M.  Ionescu,  D.H.  Bradhurst,  S.X.  Dou,  and  H.K.  Liu 

153  Effects  of  Conducting  Carbonon  the  Electrochemical  Performance  of  LiCo02  and  LiMn204  Cathodes 

Z.  LIU,  J.Y.  LEE,  and  H.J.  LINDNER 

154  Structure  and  Electrochemical  Properties  of  LiSiyCo1.y02  Cathode  for  Lithium  Rechargeable  Battery 

T.  Zhiyuan,  X.  Jianjun,  L.  Jiangang,  and  C.  Gaoping 

155  Spontaneous  Modification  of  the  Electrode  Surface  in  Contact  with  Non-Aqueous  Electrolyte 

D.  Ostrovskii,  P.  Jacobsson,  F.  Ronci,  and  B.  Scrosati 

156  Improvement  of  Cycle  Performance  of  Orthorhombic  LiMiio  95_xMxCr0  05O2;  M=A1,  Ga,  Yb,  Y  and  In,  Synthesized  by 
Hydrothermal  Technique 

T.  Sakurai,  T.  Kimura,  and  T.  Sugihara 

157  Electrochemical  Synthesis,  Characterization  and  Lithium  Insertion  Behavior  of  e-Mo  15V205  Compounds  (M=Ni2+,  Cu2+, 
Mn4+) 

E.  Potiron,  A.  Le  Gal  La  Salle,  A.  Verbaere,  Y.  Piffard,  and  D.  Guyomard 

158  Synthesis  by  Sol-Gel  Process  and  Characterization  of  LiCr_xMn2_x04  Cathode  Materials 

T.  Zhiyuan,  L.  Jiangang,  X.  Jianjun,  and  C.  Gaoping 

159  Lithiated  Electrolytic  Oxides  of  d-Metals  in  Cathodes  of  Lithium  Accumulators 

E.  Shembel,  R.  Apostolova,  V.  Nagimy,  D.  Aurbach,  and  B.  Markovsky 

160  Improved  LiCo02  for  Li-ion  Battery  Applications 

Y.  Gao,  M.  Yakovleva,  and  J.  Engel 

161  Li-Insertion  Behavior  in  Nanocrystalline  Ti02-(Mo03)z  Core-Shell  Materials 

G.  Moore,  A.  Le  Gal  La  Salle,  D.  Guyomard,  and  S.  Elder 


x 


Abstract 

Niimber 

162  Relationship  Between  Cycling  Performance  and  Structural  Phase  Transitions  of  Li1+yMn2.y04  Cathode  Materials  Studied  by 
Synchrotron  X-ray  Diffraction 

X.-Q.  Yang,  X.  Sun,  M.  Balasubramanian,  J.  McBreen,  Y.  Xia,  T.  Sakai,  and  M.  Yoshio 

163  Preparation  and  Electrochemical  Properties  of  LiAlyMn2.y04 

Q.  Zhong,  J.  Faiers,  and  U.  von  Sacken 

164  New  Phases  and  Phase  Transitions  Observed  in  Over-Charged  States  of  LiCo02  based  Cathode  Materials 

X.  Sun,  X.-Q.  Yang,  J.  McBreen,  Y.  Gao,  M.  Yakovleva,  X.-K.  Xing,  and  M.  Daroux 

165  Structural  Behavior  of  Some  NASICON  Compounds  upon  Lithium  Electrochemical  Intercalation/Deintercalation 

J.  Gaubicher,  G.  Vaughan,  C.  Masquelier,  C.  Wurm,  Y.  Chabre,  and  L.  Nazar 

166  Electroactivity  of  Natural  and  Synthetic  Triphylite 

N.  Ravet,  Y.  Chouinard,  J.-F.  Magnan,  S.  Besner,  M.  Gauthier,  and  M.  Armand 

167  The  Kinetics  of  Lithium  Transport  Through  Li1_dCo02  Thin  Film  Electrode  by  Theoretical  Analysis  of  Current  Transient  and 
Cyclic  Voltammogram 

S.-I.  Pyun  and  H.-C.  Shin 

168  Lithium  Transport  Through  Li1.dMn204  Electrode  Involving  the  Ordering  of  Lithium  Ions 

S.-I.  Pyun  and  S.-W.  Kim 

169  Analysis  of  Lithium  Transport  Through  Vanadium  Pentoxide  by  Using  Potentiostatic  Current  Transient  Technique 

S.-I.  Pyun  and  M.-H.  Lee 

170  Synthesis  of  LiAlyCo1.y02  Using  Acrylic  Acid  and  its  Electrochemical  Properties  for  Li  Rechargeable  Batteries 

K. Y.  Chung,  W.-S.  Yoon,  and  K.-B.  Kim 

171  A  Study  on  the  Effect  of  Lithium  Deintercalation  on  the  Local  Structure  of  LiAlyCo1.y02  Cathodes  Using  X-ray  Absorption 
Spectroscopy 

W.-S.  Yoon,  K.-K.  Lee,  and  K.-B.  Kim 

172  Electrochemical  Characterization  of  Layered  LiCo02  Films  Prepared  by  Electrostatic  Spray  Deposition 

S. -H.  Ban,  W.-S.  Yoon,  and  K.-B.  Kim 

173  Electrical  and  Thermal  Properties  of  LiNij.yCoy02  (0<=y<=0.2)  During  Initial  Cycle 

K.-K.  Lee,  W.-S.  Yoon,  and  K.-B.  Kim 

174  Characterization  of  LiNi0  g5Co0 10M0  05O2  (M=Co,  Al,  Fe)  for  Lithium  Secondary  Batteries 

K.-K.  Lee,  W.-S.  Yoon,  and  K.-B.  Kim 

175  Correlation  Between  Structural  and  Electrochemical  Properties  of  Some  Lithium-Metal  Vanadates 

M.  Arrabito,  S.  Bodoardo,  N.  Penazzi,  S.  Panero,  B.  Scrosati,  X.  Guo,  Y.  Wang,  and  S.  Greenbaum 

176  Mechanisms  of  Manganese  Spinels  Dissolution  and  Capacity  Fade  at  High  Temperature 

T.  Aoshima,  K.  Okahara,  C.  Kiyohara,  and  K.  Shizuka 

177  Defect  Structure  of  Li-Mn-0  Spinels  Prepared  at  Different  Annealing  Temperatures 

S.  Ishida  and  K.  Numata 

178  On  the  Correlation  Between  the  Electroanalytical  Behavior  and  Crystallographic  Features  of  Li  Intercalation  Electrodes 

D.  Aurbach,  M.  Levi,  E.  Levi,  U.  Heider,  R.  Oesten,  and  M.  Schmidt 

179  Li  Insertion  into  Thin  Vacuum-Deposited  V205  Films  Characterized  by  a  Variety  of  In  Situ  Techniques 

D.  Aurbach,  M.  Levi,  L.  Zhonghua,  M.  Moskovich,  Y.  Cohen,  Y.  Cohen,  and  E.  Levi 

180  Study  of  Lithium  Insertion  into  Electrochemically  Synthesized  Sodium  Vanadate 

D.  Aurbach,  B.  Markovsky,  G.  Salitra,  Y.  Cohen,  E.  Shembel,  R.  Apostolova,  and  V.  Nagimy 

181  Characterization  of  LiFeP04  as  the  Cathode  Material  for  Rechargeable  Lithium  Batteries 

M.  Takahashi,  S.  Tobishima,  K.  Takei,  and  Y.  Sakurai 

182  Magnesium  Insertion  into  Mg0  5+y(FeyTi1.y)2(P04)3 

K.  Makino,  Y.  Katayama,  T.  Miura,  and  T.  Kishi 

183  Preparation  of  Todorokite  Mn02  for  Rechargeable  Battery  Cathode 

N.  Kumagai,  S.  Komaba,  H.  Sakai,  and  N.  Kumagai 

184  A  Study  on  the  Preparation  and  Characterization  of  Au-Codeposited  LiMn204  Electrode 

M.-R.  Lim  and  K.-B.  Kim 

185  Lithium  and  Proton  Insertion  in  Spinel  Structured  Manganese  Oxides 

M.S.  Islam,  B.  Ammundsen,  and  J.  Roziere 

186  Synthesis  and  Characterization  of  Nonstoichiometric  LiCo02 

M.  Fujii,  N.  Imanishi,  andY,  Takeda 

187  Yttrium-Doped  Li(Ni,Co)02:  An  Improved  Cathode  for  Li-Ion  Battery 

G.V.S.  Rao,  B.V.R.  Chowdari,  and  H.J.  Lindner 

188  Electrochemical  Properties  of  Li-Mn-Spinel  Using  Hydrothermal  Method 

T.  Kanasaku,  K.  Amezawa,  and  N.  Yamamoto 


xi 


Abstract 

Number 


189  Synthesis  Process  of  Lithited  or  Overlithiated  Manganese  Oxide  Active  Materials  for  Positive  Electrode 

H.  Rouault,  F.  Le  Cras,  C.  Bourbon,  and  D.  Bloch 

190  General  Behaviour  Upon  Cycling  of  LiNiV04  as  Battery  Electrode 

C.  Rossignol  and  G.  Ouvrard 

191  Microimpedance  Spectroscopy  of  Cathode  Materials  Prepared  from  Polyelectrolyte-Pretretead  Particles 

A.  Sever  Skapin,  M.  Bele,  J.  Drofenik,  R.  Dominko,  S.  Pejovnik,  and  M.  Gaberscek 

192  Li2Mn409  Revisited:  Crystallographic  and  Electrochemical  Studies 

P.  Strobel,  A.  Ibarra  Palos,  and  M.  Anne 

193  Structural  and  Electrochemical  Studies  of  Layered  Li(Mn1.yM)02  Based  Compounds.  I.  M  =  Co 

A.D.  Robertson,  A.R.  Armstrong,  AJ.  Fowkes,  and  P.G.  Bruce 

194  Cyclic  Voltammetric  Study  on  Stoichiometric  Spinel  LiMn204  Electrode  at  Elevated  Temperature 

S.  Ma,  H.  Noguchi,  and  M.  Yoshio 

195  Electrical  Conductivity  and  Structural  Behaviour  of  Li1+xMM’(P04)3(M,M’=Fe,Zr,Ti)  Phases 

C.M.  Mari,  R.  Ruffo,  and  M.  Catti 

196  gamma-Mn02  Compounds  as  Insertion  Hosts  for  Li+  and  H+ 

S.  Sylv6re,  J.  S6verine,  L.G.L.S.  Annie,  P.  Yves,  and  G.  Dominique 

197  Charge  Ordering  in  Li0  5Co02?  A  Single-Crystal  XRD  Study 

J.  Howing,  T.  Gustafsson,  J.  Thomas,  and  H.  Sakaebe 

198  Synthesis  of  Li2M1+xMn3.x08(M=Co,  Fe)  as  Positive  Active  Material  for  Lithium  Cells 

S.  Panero,  D.  Satolli,  and  B.  Scrosati 

199  Lithiated  Cobaltates  for  Li-Ion  Batteries.  Structure,  Morphology  and  Electrochemistry  of  Oxides  Grown  by  Solid-Sate 
Reaction,  Wet  Chemistry  and  Film  Deposition 

J.  Christian 

200  Evidence  for  Structural  Defects  in  Non-Stoichiometric  HT-LiCo02:  Electrochemical,  Electronic  Properties  and  Li  MAS 
NMR  Studies 

S.  Levasseur,  M.  Menetrier,  and  C.  Delmas 

201  Synthesis  of  Nanocrystalline  Layered  Manganese  Oxides  by  the  Electrochemical  Reduction  of  AMn04  (A=K,  Li) 

G.  Moore,  R.  Portal,  A.  Le  Gal  La  Salle,  and  D.  Guyomard 

202  LiMB03  (M=Mn,  Fe,  Co)  Orthoborates  :  Synthesis,  Crystal  Structure  and  Lithium  Des insertion/insertion  Properties 

L.  Vanessa,  L.G.L.S.  Annie,  P.  Yves,  V.  Alain,  and  G.  Dominique 

203  Electrochemical  Investigetions  of  Pure  and  Poped  Lithium  Cobaltate 

A.  Momtchilov 

204  Electrochemical  and  In  Situ  Structural  Investigation  of  LixNio  08Co0  02O2 

A.  D'Epifanio,  F.  Croce,  L.  Persi,  F.  Ronci,  and  B.  Scrosati 

205  Synchrotron  X-Ray  Diffraction  Study  of  the  Spinel  LiMn204  at  Low  Temperatures 

G.  Rousse,  C.  Masquelier,  J.  Rodriguez-Carvajal,  E.  Elkaim,  and  J.-P.  Lauriat 

206  Electrochemical  Performances  of  Different  Li-VOP04  Systems 

N.  Dupr6,  J.  Angenault,  G.  Wallez,  and  M.  Quarton 

207  Structural  Transformation  Associated  with  the  Extra  3.3  and  4.5V  in  Spinel  LiMn202 

R.  Gwenaelle,  D.  Loic,  H.  Maryvonne,  M.  Mathieu,  P.  Maria  Rosa,  M.  Christian,  and  T.  Jean-Marie 

208  Influence  of  the  Synthesis  Conditions  of  LiMn204  on  the  Extent  of  the  Spinel  to  Double  Hexagonal  Transformation 
Associated  to  the  Anomalous  3.3/3.95  V  and  4.5  V  Redox  Steps 

R. M.  Palacin,  G.  Rousse,  M.  Morcrette,  L.  Dupont,  C.  Masquelier,  Y.  Chabre,  and  J.-M.  Tarascon 

209  Performance  and  Mechanical  Safety  of  26650-size  Mn-spinel  Li-ion  Cells  for  High  Power  Applications 

A.M.  Wilson,  W.  Chow,  and  U.  von  Sacken 

210  Use  of  Aluminum  Vanadates  as  Cathodes  in  Lithium  Rechargeable  Cells 

E.  Andrukaitis,  I.  Hill,  and  G.  Torlone 

211  Boron  Additives  to  Lithiated  Cobalt  Dioxide  and  Lithiated  Nickel-Cobalt  Dioxide  for  Lithium  Ion  Cells 

G.  Blomgren 

212  Manganese  Spinel  Li-ion  Cells  With  Improved  High  Temperature  Characteristics 

W.  Chow,  M.  Zhang,  Y.  Wang,  J.  Reimers,  and  U.  von  Sacken 

213  Mechanochemical  Synthesis  Of  LiyMn204_d:  Positive  Electrode  for  Lithium  Batteries 

S.  Soiron,  A.  Rougier,  L.  Aymard,  and  J.M.  Tarascon 

214  Two-Phase  LiCo02  based  Oxides  for  Rechargeable  Lithium  Batteries 

F.  Croce,  H.-P.  Lin,  A.  Shiao,  M.  Salomon,  J.  Wolfenstine,  W.  Lada,  A.  Deptula,  and  D.  Chua 

215  Defect  Spinel  Li8n/n+4Mn8/n+404  Cathode  Materials  for  Lithium  Polymer  Batteries 

Y.  Xia,  K.  Takahashi,  T.  Sakai,  K.  Tatsumi,  T.  Fejieda,  and  M.  Yoshio 


xu 


Abstract 

Number 


216  7Li  MAS-NMR  and  Electrochemical  Studies  of  LiMn204-Based  Spinels  for  Lithium  Rechargeable  Batteries 

M. C.  Tucker,  J.A.  Reimer,  and  E J.  Cairns 

217  Mechanochemical  Way  for  Preparation  of  Disordered  Lithium-Manganese  Spinel  Compounds 

N.  Kosova,  E.  Devyatkina,  N.  Uvarov,  and  S.  Kozlova 

218  In  Situ  XAFS  Analysis  of  the  Li  Deintercalation  Process  of  Li(Mn,  M)2  04  (M=Cr,  Co,  Ni),  Cathode  Materials  for  5V 
Lithium  Batteries 

I.  Nakai 

219  ESR  Analysis  of  Electrochemical  Oxidation  on  Cathode  in  a  Lithium  Ion  Battery 

H.  Kurokawa,  T.  Ota,  S.  Matsuta,  Y.  Kato,  S.  Yoshimura,  S.  Fujitani,  and  I.  Yonezu 

220  Preparation  of  Lithium  Manganese  Oxides  Including  Iron 

M.  Tabuchi,  H.  Shigemura,  K.  Ado,  H.  Kobayashi,  H.  Sakaebe,  H.  Kageyama,  and  R.  Kanno 

221  In  Situ  Neutron  Powder  Diffraction  Analysis  of  the  Li  Deintercalation  Process  of  LiuMn1904 

Y.  Terada 

222  In  Situ  Total  Reflection  X-ray  Fluorescence  Analysis  of  Mn  Dissolution  from  LiMn204  During  Charge-Discharge  Process  of 
the  Li  Secondary  Battery 

Y.  Nishiwaki,  Y.  Terada,  and  I.  Nakai 

223  Lithium  Ion  Transport  Through  LiCo02  Thin-Film  Electrode  Under  Intercalation-Induced  Stress 

J. -K.  Lee,  S.-J.  Lee,  H.-K.  Baik,  and  S.-M.  Lee 

224  Local  Structure  of  Substituted  Layered  LiMn02  Cathode  Materials  Probed  by  X-ray  Absorption  Fine  Structure  and  6Li 
Nuclear  Magnetic  Resonance 

B.  Ammundsen,  H.  Desilvestro,  R.  Steiner,  P.  Pickering,  D.  Jones,  J.  Roziere,  Y.J.  Lee,  C.  Pan,  and  C.  Grey 

225  LiMoV06  -  A  Candidate  Cathode  Material  for  Solid-Polymer  Batteries  at  Elevated  Temperatures 

H.  Sakaebe,  M.  Shikano,  Y.  Xia,  T.  Sakai,  T.  Eriksson,  T.  Gustafsson,  and  J.  Thomas 

226  Structure,  Phase  Relationship  and  Transitions  in  Lithium  Manganese  Oxide  Spinel 

R.  Kanno,  M.  Yonemura,  Y.  Kawamoto,  M.  Tabuchi,  and  T.  Kamiyama 

227  Storage  and  Cycling  Performance  of  Stoichiometric  Spinel  at  Elevated  Temperatures 

X.  Wang,  Y.  Yagi,  Y.  Xia,  T.  Sakai  and  M.  Yoshio 

228  Capacity  Failure  of  Lithium  Manganese  Oxide  Spinel  Cathode  at  Elevated  Temperature 

M.  Okada,  K.  Kamioka,  T.  Mouri,  and  M.  Yoshio 

229  Synthesis  and  Characterization  of  Lithium  Managanese  Oxides  for  Rechargeable  3  V  Lithium  Batteries 

A.  Pemer,  M.  Wohlfahrt-Mehrens,  K.  Holl,  J.  Garche,  and  D.  Ilic 

230  MALDI-MS  Spectroscopic  Analysis  of  Products  on  LiMn204  Electrode 

T.  Fukushima,  Y.  Matsuda,  T.  Abura,  and  R.  Arakawa 

23 1  Effect  of  Aluminum  Addition  in  Co  Substituted  Ni  Oxide  Cathodes 

M.  Kanda,  Y.  Tatebayashi,  M.  Sekino,  Y.  Isozaki,  and  I.  Mitsuishi 

232  Cathode  Properties  of  Phospho-Olivine  LiMP04  for  Lithium  Secondary  Batteries 

S.  Okada,  S.  Sawa,  M.  Egashira,  J.-I.  Yamaki,  M.  Tabuchi,  H.  Kageyama,  T.  Konishi,  and  A.  Yoshino 

233  Soft-Combustion  Synthesis  of  a  New  Cathode-Active  Material, LiVWOe,  for  Li-Ion  Batteries 

S.R.S.  Prabaharan,  C.C.  Pei,  A.F.  Mohd  Noor,  and  M.S.  Michael 

234  Electrochemical  Characterization  of  a  New  High  Capacity  Cathode 

C.  Storey,  I.  Kargina,  Y.  Grincourt,  I.  Davidson,  Y.  Yoo,  and  D.-Y.  Seung 

235  Continuous  Production  of  Cathode  Materials  for  Lithium  Batteries  by  Hydrothermal  Synthesis  Under  Supercritical 
Condition 

Y.  Hakuta,  T.  Adschiri,  K.  Kanamura,  and  K.  Arai 

236  Synthesis,  Structure,  and  Charge-Discharge  Characteristics  of  the  New  Layered  Oxides  at  8Ir0  6M0  603(M=Fe,Co,Ni) 

H.  Kobayashi,  M.  Waki,  Y.  Uebou,  M.  Tabuchi,  H.  Kageyama,  Y.  Takigawa,  Y.  Yamamoto, 

M.  Matsuoka,  and  J.  Tamaki 

237  The  Li1.z(Ni1.yMgy)]+z02  System:  Structural  Modifications  Observed  Upon  Cycling 

C.  Pouillerie,  L.  Croguennec,  P.  Biensan,  P.  Willmann,  and  C.  Delmas 

238  Synthesis  and  Characterization  of  LiFexCo1.y02  Cathode  Materials  for  Lithium  Batteries 

S.  Venkatachalam,  S.  R,  G.  Sukumaran,  R.  N.G,  M.  A,  M.  Natchi,  R.  Meenakshisundaram, 
and  R.  Meenakshisundaram 

239  Electronic  and  Electrochemical  Properties  of  LixCoyNi^y  02  Cathodes  Studied  by  Impedance  Spectroscopy 

F.  Croce,  F.  Nobili,  R.  Tossici,  B.  Scrosati,  L.  Persi,  and  R.  Marassi 

240  Li1+dMn2_d04  Performance  Measured  by  Leaching 

E.  Kelder,  F.  Ooms,  R.  Perego,  and  J.  Schoonman 

241  Tungsten  Oxy sulfide  Thin  Films  as  Positive  Electrode  in  Lithium  Microbatteries 

I.  Martin-Litas,  P.  Vinatier,  A.  Levasseur,  J.C.  Dupin,  and  D.  Gonbeau 


xm 


Abstract 

Number 

242  Electronic  Structure  in  LiMn204  Based  Spinel  Oxides  from  Transition  Metal  L-edge  and  O  K-edge  XANES 

Y.  Uchimoto  and  T.  Yao 

243  Effect  of  Cr6*  on  the  Jahn-Teller  Distortion  of  Spinel  LiMn204 

S.  Venkatachalam,  V.  S,  G.  Sukumaran,  P.  T,  R.  N.G,  M.  Natchi,  and  R.  Meenakshisundaram 

244  3  V  Manganese  Oxide  Electrode  Materials  for  Lithium  Batteries 

C.S.  Johnson  and  M.M.  Thackeray 

245  The  Spinel  Phases  LiMgyMn2_y04  as  the  Cathode  for  Rechargeable  Lithium  Batteries 

l.-S.  Jeong  and  H.-B.  Gu 

246  Characterisation  of  Nanoparticles  of  LiMn204  Synthesized  by  Citric  Acid  Sol-Gel  Method 

B  J.  Hwang,  R.  Santhanam,  and  D.G.  Liu 

247  Theoretical  Approach  of  the  Lithium  Intercalation  in  Host  Materials 

F.  Lantelme,  H.  Groult,  and  N.  Kumagai 

248  The  Influence  of  the  Synthesis  Conditions  on  the  Structural  and  Electrochemical  Properties  of  Cathodes  Based  on 
Manganese  Oxides  in  Nonaqueous  Electrolytes 

E.  Shembel,  N.  Globa,  N.  Zaderey,  V.  Pisniy,  and  K.  Kylyvnyk 

249  A  New  3.8V  Cathode  for  Lithium-Ion  Batteries:  Epsilon-  LixV0P04 

T.  Kerr,  J.  Gaubicher,  L.  Nazar,  and  H.  Huang 

250  Aluminium  Substituted  LiCo02  as  an  Intercalation  Cathode  for  Lithium  Polymer  Battery 

S.  Venkatachalam,  S.  Manual.  A,  V.  S,  G.  Sukumaran,  P.  T,  R.  N  G,  M.  Natchi,  and  R.  Meenakshisundaram 

251  The  Jahn-Teller  Distortion  in  LixNi02  and  LixMn02 

C.  Marianetti,  D.  Morgan,  and  G.  Ceder 

252  Theory  of  Lithium  Diffusion  in  LixCo02:  A  First  Principles  Investigation 

A.  Van  der  Ven  and  G.  Ceder 

253  Lithium  Insertion  of  (V!_yMoy)205 

M.  Eguchi,  F.  Maki,  S.  Iwabe,  and  Y.  Momose 

254  Effect  of  Lanthanum  Dopant  on  the  Structural  and  Electrical  Properties  of  LiCoV04  Cathode  Materials  Investigated  by 
EXAFS 

B. -J.  Hwang,  Y.-W.  Tsai,  G.T.-K.  Fey,  and  J.-F.  Lee 

255  Long-life  Lithium  Manganese  Spinel  Cathodes  for  High  Power  Secondary  Batteries  for  Electric  Vehicle  Use 

M.  Kasai,  Y.  Kumashiro,  K.  Nishimura,  H.  Andou,  Y.  Muranaka,  Y.  Kozono,  and  T.  Horiba 

256  Synthesis  of  LixCo0  085Cr0015O2  by  the  PVA  Precursor  Method  and  Application  as  Cathode  in  Lithium  Ion  Batteries 

R.  Vasanthi,  I.  Ruth  Mangani,  R.  Chandrasekaran,  and  S.  Selladurai 

257  LiCrxMn2_x04  Solid  Solutions  for  Lithium  Batteries 

R.  Thirunakaran,  P.  Periasamy,  B.  Ramesh  Babu,  N.  Kalaiselvi,  N.G.  Renganathan,  M.  Raghavan,  and  N.  Muniyandi 

258  Solid-State  Synthesis  and  Characterization  of  LiCo02  and  LiCo^NiyC^  Solid  Solutions 

P.  Periasamy,  B.  Ramesh  Babu,  R.  Thirunakaran,  N.  Kalaiselvi,  N.G.  Renganathan,  M.  Raghavan,  and  N.  Muniyandi 

259  Electrochemical  Behaviour  of  LiMn2_yMy04  (M  =  Cu,  Cr;  0  <  y  <  0.4) 

B.  Ramesh  Babu,  P.  Periasamy,  R.  Thirunakaran,  N.  Kalaiselvi,  N.G.  Renganathan,  M.  Raghavan,  and  N.  Muniyandi 

260  Structural  and  Electrochemical  Studies  of  Layered  Li(Mn!_yMy02  Based  Compounds.  II  M=Ni 

T. E.  Quine,  M.J.  Duncan,  P.G.  Bruce,  A.  Robertson,  and  R.  Armstrong 

261  Iron-Doped  Lithium  Cobalt  Oxides  as  Lithium  Intercalating  Cathode  Materials 

N.  Kalaiselvi,  P.  Periasamy,  R.  Thirunakaran,  B.  Ramesh  Babu,  T.  Prem  Kumar,  N.G.  Renganathan, 

M.  Raghavan,  and  N.  Muniyandi 

262  Redox  Reactions  of  Substituted  Lithium  Manganese  Spinel  Compounds  in  Lithium  Cells 

Y.  Shao-Hom  and  R.  Middaugh 

263  Electronic  Structure  of  LixNiOy  Thin  Films 

A.  Urbano,  S.  deCastro,  R.  Landers,  J.  Morais,  M.  Fantini,  and  A.  Gorenstein 

264  Electrochemical  Perfomance  of  Cathodes  Based  on  LiMn204  Spinel  Obtained  by  Combustion  Synthesis 

E.  Santiago,  S.  Amancio,  P.  Bueno,  and  L.  Bulhoes 

265  The  Structure  Property  Relationship  Of  Lithium  Nickel  Cobalt  Oxides 

R.  Gover,  R.  Kanno,  B.  Mitchell,  and  Y.  Kawamoto 

266  Electrochemical  Characteristics  of  Li Mn204-Polypy prole  Composite  Cathode  for  Lithium  Polymer  Batteries 

J.-U.  Kim,  J.-A.  Lee,  S.-I.  Moon,  and  H.-B.  Gu 

267  Effects  of  Powder  Characteristics  of  LiMn204  on  the  Electrochemical  Properties 

H.-T.  Chung  and  S.-T.  Myung 

268  Electrocopolymerization  of  Carbazole  Derivatives 

A.S.  Sarac 

269  Influence  of  the  Particle  Size  on  the  Electrochemical  Properties  of  Lithium  Manganese  Oxide 

C. -H.  Lu  and  S.-W.  Lin 


xiv 


Abstract 

Number 

270  Synthesis  of  Nanosized  LiMn204  Powder  by  Reverse  Emulsion  Process  for  Li-Ion  Batteries 

C.-H.  Lu,  S.K.  Saha,  and  S.-W.  Lin 

27 1  High  Purity  Lithium  Carbonate  for  Batteries  Applications 

S.  Harrison,  K.  Amouzegar,  and  G.  St-Amant 

272  Viscosities,  Conductivities  and  Activation  Energies  for  Transport  Processes  in  Liquid  Electrolytes.  The  Quasi  Lattice 
Approach 

A.  Chagnes,  B.  Carrd,  P.  Willmann,  and  D.  Lemordant 

273  Optimisation  of  the  Polyelectrolyte  used  in  Carbon  Anode  Pretreatment  Procedures 

R.  Dominko,  J.  Drofenik,  M.  Bele,  S.  Pejovnik,  and  M.  Gaberscek 

274  New  Fusible  Lithium  Salt  with  High  Conductivity  in  Solutions 

W.  Xu,  M.  Videa,  and  C.A.  Angell 

275  Application  to  Lithium  Battery  Electrolyte  of  Lithium  Chelate  Compounds  with  Boron 

Y.  Sasaki,  M.  Handa,  S.  Sekiya,  K.  Kurashima,  and  K.  Usami 

276  Microporous  PVDF  Membrane  for  Lithium-Ion  Batteries 

F.  Bodin,  C.  Lenhof,  G.  Caillon,  and  I.  Olsen 

277  Synthesis  of  a  New  Family  of  Fluorinated  Boronate  Compounds  as  Anion  Receptors  and  Studies  of  Their  Use  as  Additives 
in  Lithium  Battery  Electrolytes 

H. -S.  Lee,  X.-Q.  Yang,  X.  Sun,  and  J.  McBreen 

278  Lithium  Bisperfluoroalkylsulfonimides:  Primary  and  Secondary  Lithium  Battery  Electrolyte  Salts 

S.  Boyd,  B.  Johnson,  L.  Krause,  W.  Lamanna,  P.  Pham,  and  H.  Shimada 

279  Thermal  Stability  of  LiPF6  EC:EMC  Electrolyte  for  Lithium  Ion  Batteries 

G.  Botte,  R.  White,  and  Z.  Zhang 

280  Trans-Esterification  of  Ethylmethyl  carbonate  in  Lithium  Ion  Batteries 

B.  Dobler,  I.  Exnar,  W.  Haupt,  and  R.  Imhof 

281  Kinetic  Aspects  of  HF  Generation  in  a  LiPF6  Based  Electrolyte  Solution 

L  Exnar,  B.  Dobler,  W.  Haupt,  and  R.  Imhof 

282  New  Li-Ion  Electrolytes  for  Low  Temperature  Applications 

S.  Herreyre,  O.  Huchet,  S.  Barusseau,  F.  Perton,  J.-M.  Bodet,  and  P.  Biensan 

283  Electronic  Structures  and  Electrochemical  Properties  of  LiPF(6_n)(CF3)n 

F.  Kita,  H.  Sakata,  A.  Kawakami,  H.  Kamizori,  T.  Sonoda,  H.  Nagashima,  N.  Pavlenko,  and  Y.  Yagupolskii 

284  Asymmetrical  Alkyl  Carbonate  as  Solvent  for  Li-ion  Batteries  Electrolytes 

I.  Geoffroy,  B.  Carre,  D.  Lemordant,  S.  Herreyre,  and  P.  Biensan 

285  Database  and  Models  of  Electrolyte  Solutions  for  Lithium  Battery 

S.  Zhang,  A.  Tsuboi,  H.  Nakata,  and  T.  Ishikawa 

286  An  Exceptional  Additive  to  the  Electrolyte  for  Lithium-Ion  Batteries  :  The  Vinylen  Carbonate 

B.  Philippe,  B.  Jean-Marie,  P.  Francoise,  B.  Michel,  J.  Christophe,  B.  Sylvie,  H.  Sylvie,  and  S.  Bernard 

287  An  Evidence  of  Preventing  the  Decomposition  of  PC  at  the  Surface  of  Well  Graphitized  Carbon  without  Any  Additions 

K.  Yamaguchi,  J.  Suzuki,  M.  Saito,  T.  Katsuta,  K.  Sekine,  and  T.  Takamura 

288  Effect  of  Organic  Additives  in  Electrolyte  Solutions  on  Behavior  of  Lithium  Metal  Anode 

Y.  Matsuda  and  T.  Takemitsu 

289  Cyclic  and  Acyclic  Sulfites  -  New  Solvents  and  Electrolyte  Additives  for  Lithium  Ion-Batteries  with  Graphitic  Anodes? 

G. H.  Wrodnigg,  J.O.  Besenhard,  and  M.  Winter 

290  Fluorinated  Organic  Solvents  in  Electrolytes  for  Lithium  Ion  Cells 

K.-C.  Moller,  T.  Hodal,  W.K.  Appel,  M.  Winter,  and  J.O.  Besenhard 

291  Performance  of  Solupor  Separator  Materials 

F. G.B.  Ooms,  E.M.  Kelder,  J.  Schoonman,  N.  Gerrits,  and  G.  Calis 

292  Fast  Charge  in  Non- Aqueous  Li  Cells:  Investigation  of  a  Novel  Hybrid  Solution 

G.  Amatucci,  F.  Badway,  and  A.  DuPasquier 

293  Temperature  and  Concentration  Effects  on  the  Ionic  Transport  Behavior  of  LiAlCl4  SOCl2  Electrolyte  Solutions 

G.T.-K.  Fey,  W.-K.  Liu,  and  Y.-C.  Chang 

294  Mass  Transport  and  Kinetic  Aspects  of  Thionyl  Chloride  Reduction  at  the  Platinum  Microelectrode 

G. T.-K.  Fey,  M.-C.  Hsieh,  and  Y.-C.  Chang 

295  Novel  Superacid-based  Lithium  Electrolytes  for  Lithium  Ion  and  Lithium  Polymer  Rechargeable  Batteries 

H. V.  Venkatasetty 

296  Interfacial  Stability  of  Lithium  Electrode  in  IPN  Electrolytes  Based  on  Crosslinked  PEGMEM  and  PMMA 

X.  Hou  and  K.S.  Siow 

297  Diffusion  Mechanisum  in  the  Cross-Linked  Poly(ether)  Doped  by  LiN(CF3S02)2 

Y.  Aihara,  T.  Bando,  T.  Iguchi,  J.  Kuratomi,  K.  Sugimoto,  and  K.  Hayamizu 


xv 


Abstract 

Number 


298  Ion  Conduction  Mechanism  in  Solid  Lix-P(EO)n  -based  Polymer  Electrolytes 

D.  Golodnitsky,  E.  Lifshits,  E.  Peled,  S.  Chung,  and  S.  Greenbaum 

299  Preparation  of  Microporous  PVDF  Based  Polymer  Electrolytes 

H.  Huang,  H.  Wang,  and  S.  Wunder 

300  Room  Temperature  Amorphous-Phase  Stabilization  of  PEO-Based  Nanocomposite  Polymer  Electrolytes:  An  Impedance 
Spectroscopy  Study 

F.  Croce,  L.  Persi,  and  B.  Scrosati 

301  Gel  Electrolytes  Based  on  Amphiphilic  Copolymers 

R.  Ljungback,  P.  Gavelin,  P.  Jannasch,  and  B.  Wesson 

302  Ionic  Conduction  and  Electrochemical  Properties  of  New  Poly(acrylonitrile-icaconate)  Based  Gel-electrolyte 

Y.W.  Kim,  M.S.  Gong,  and  B.K.  Choi 

303  Studies  of  the  Interface  Between  Lithium  Deposits  and  Polymeric  Electrolyte  Systems  Using  in  situ  FTIR  Spectroscopy 

D.  Aurbach,  O.  Chusid,  Y.  Gofer,  M.  Watanabe,  T.  Momma,  and  T.  Osaka 

304  Polymeric  Gel  Electrolyte  Reinforced  with  Glass  Fiber  Cloth  for  Lithium  Secondary  Battery 

S. I.  Jo,  J.-S.  Jung,  H.-J.  Sohn,  H.-C.  Park,  J.H.  Chun,  H.  Kim,  and  J.-M.  Ko 

305  Polymer  Electrolytes  Based  On  Hyperbranched  Polymers 

T.  Itoh,  N.  Hirata,  Z.  Wen,  M.  Kubo,  and  O.  Yamamoto 

306  Spectroscopic  Estimation  of  Dielectric  Constant  and  Donor  Number  in  Polymer  Electrolytes 

C. S.  Kim,  J.  Lee,  and  S.M.  Oh 

307  Electrochemical  Properties  of  Gel  Electrolytes 

A.  Reiche,  A.  Weinkauf,  and  B.  Sandner 

308  A  Novel  PEG-borate  Based  Solid  Polymer  Electrolytes;  Conductivity  and  Application  to  Li-ion  Battery 

S.  Yokoyama,  T.  Kobayashi,  Y.  Kato,  H.  Ikuta,  and  M.  Wakihara 

309  Determination  of  Diffusion  Co-Efficient  of  Lithium  Ion  in  Plasticized  PVC  Electrolytes 

S.  Manual.A,  R.  Sudalaimuthu,  P.  T,  R.  N.G,  R.  Meenakshisundaram,  and  M.  Natchi 

310  Effects  of  Diethylaluminum  Carboxylate  and  EC/PC  on  Dielectric  Relaxation  and  Ionic  Conductivity  of  PEO  Based 
Polymer  Electrolytes 

J.  Dygas,  B.  Misztal-Faraj,  F.  Krok,  Z.  Florjanczyk,  E.  Zygadlo-Monikowska,  and  E.  Rogalska 

31 1  Studies  of  Conductivity  and  Ionic  Mobility  in  Polymer  Gel  Electrolytes 

H.  Hubbard,  M.  Williamson,  and  I.  Ward 

312  Conductivity  and  Structure  of  Li-Containing  Pervoskite  Solid  Electrolytes 

J.-S.  Chen  and  K.-Z.  Fung 

313  Self-Tracking,  Solvent-Free  Low-Dimensional  Polymer  Electrolyte  Blends  with  Lithium  Salts 

Y.  Zheng,  F.  Chia,  G.  Ungar,  and  P.V.  Wright 

314  The  Role  of  the  Inorganic  Oxide  in  Nanocomposite  Polymer  and  Gel  Electrolyte  Structure  And  Ion  Transport  Mechanism: 
An  NMR  Study 

S.  Greenbaum,  S.  Chung,  Y.  Wang,  L.  Persi,  F.  Croce,  and  B.  Scrosati 

315  Plasticising  Effect  in  Phase-Separated  Polymer  Electrolytes  Based  on  Poly  (Ethylene  oxide)  and  Poly(perfluoroethers) 

M.  Furlani,  K.  Bandara,  and  B.-E.  Mellander 

316  Characteristics  of  PVDF/Pan  Based  Polymer  Electrolyte  for  Lithium  Ion  Polymer  Battery 

J. -A.  Lee,  J.-U.  Kim,  G.-C.  Park,  and  H.-B.  Gu 

317  Structure,  Porosity  and  Conductivity  of  PVdF  Films  for  Polymer  Electrolytes 

A.  Magistris,  P.  Mustarelli,  E.  Quartarone,  P.  Piaggio,  and  A.  Bottino 

318  Spectroscopic  Conductivity  Studies  on  the  Ionic  Motion  in  the  Electrolytic  Complexes  (Polyethylene  Glycol  400)  (LiCl)x 

V.  Di  Noto,  M.  Fauri,  S.  Biscazzo,  and  M.  Vittadello 

319  Fabrication  of  All  Solid  Polymer  Electrolytes  based  on  Block-Graft  Copolymers 

K.  Hirahara,  M.  Ueno,  O.  Watanabe,  and  T.  Nakanishi 

320  Power  Management:  The  Path  to  the  Future 

J.  Barbarello,  M.  Molz,  and  R.  Hamlen 

321  High  Energy  Density,  Thin  Film,  Rechargeable  Lithium  Batteries  for  Marine  Field  Operations 

D.  Sadoway,  A.  Mayes,  B.  Huang,  S.  Mui,  P.  Soo,  D.  Staelin,  and  C.  Cook 

322  Cycling  Performance  of  lOWh  class  Lithium  Metal  Rechargeable  Battery  with  New-type  Lithium  Imide  Electrolyte 

H.  Saito  and  K.  Usami 

323  Fabrication  of  Composite  Electrodes  for  Rechargeable  Lithium  Batteries  by  Using  Electrophoretic  Deposition  Process 

K.  Kanamura,  A.  Goto,  and  T.  Umegaki 

324  Developments  in  Multichannel  Impedance  Instrumentation  for  the  Characterization  of  Energy  Storage  Devices 

A.  Hinton  and  B.  Sayers 


xvi 


Abstract 

Number 


325  Hydrothermal  Synthesis 

T.  Kanasaku,  K.  Amezawa,  and  N.  Yamamoto 

326  New  High-Surface-Area  3-Dimensional  "On-Chip"  Lithium-Ion  Microbattery 

M.  Nathan,  D.  Haronian,  D.  Golodnitsky,  Y.  Lavi,  E.  Sverdlov,  and  E.  Peled 

327  Opportunities  for  Lithium  Batteries  in  Electric  Vehicle  and  Hybrid  Electric  Vehicle  Applications 

M.  Corbett 

328  New  Thin  Lithium-Ion  Batteries  Using  an  Organic  Liquid  Electroltye  with  Thermal  Stability 

N.  Takami,  M.  Sekino,  T.  Ohsaki,  M.  Kanda,  and  M.  Yamamoto 

329  Developement  of  6Ah  Prismatic  Cells  for  High  Rate,  Low  Temperature  Applications 

G.  Ehrlich,  M.  Hetzel,  and  S.  Slane 

330  A  Study  of  the  Overcharge  Reaction  of  Li-ion  Batteries 

M J.  Palazzo,  R.A.  Leising,  E.S.  Takeuchi,  and  K.J.  Takeuchi 

33 1  Fast  Charging  of  Lithium-ion  Batteries 

J. R.  van  Beek 

332  Factors  Responsible  for  Impedance  Rise  in  High  Power  Lithium  Batteries 

K.  Amine,  M.  Hammond,  J.  Liu,  C.  Chen,  D.  Dees,  A.  Jansen,  and  G.  Henriksen 

333  Promising  Modifying  Additives  for  Lithium  Power  Sources 

E.  Shembel,  O.  Chervakov,  L  Maksyuta,  N.  Globa,  N.  Zaderey,  L.  Romanovskaya,  A.  Ribalka,  and  D.  Meshri 

334  Overcharge  Protection  Additives  for  4  Volt  Lithium  Ion  Batteries 

T.  Richardson  and  P.  Ross 

335  Comparative  Study  of  Thermal  Behaviors  of  Various  Lithium-ion  Batteries 

Y.  Saito,  K.  Takano,  K.  Kanari,  A.  Negishi,  K.  Nozaki,  and  K.  Kato 

336  Thermal  Behaviors  of  Lithium-ion  Batteries  During  Overcharging 

Y.  Saito,  K.  Takano,  and  A.  Negishi 

337  Charge-Discharge  Cycle  Performance  of  Lithium  Secondary  Batteries  using  Hybrid  Carbon  as  Negative  Electrode  Materials 

K.  Yanagida,  A.  Yanai,  Y.  Kida,  A.  Funahashi,  T.  Nohma,  and  I.  Yonezu 

338  Cycle  Life  Estimation  of  Lithium  Secondary  Battery  by  Extrapolation  Method  and  Accelerated  Aging  Test 

T.  Katsuhito,  K.  Kazuma,  K.  Yo,  M.  Hajime,  T.  Nobuyuki,  I.  Torn,  and  T.  Toshikatsu 

339  A  New  Method  to  Study  Li-Ion  Cell  Safety:  Laser  Beam  Initiated  Reactions  on  Both  Charged  Positive  and  Negative 
Electrodes 

J.-P.  Peres,  F.  Perton,  C.  Audry,  P.  Biensan,  G.  Blanc,  and  M.  Broussely 

340  Development  of  Large-scale  Lithium  Secondary  Battery  Cell 

T.  Akiyama,  T.  Hashimoto,  H.  Tajima,  K.  Adachi,  and  S.  Taniguchi 

341  Effect  of  Iron  Disulfide  Structure  and  Nonaqueous  Electrolyte  Composition  on  the  Characteristics  of  High-Energy  Li-FeS2 
System 

E.  Shembel,  L,  Neduzhko,  0.  Chervakov,  I.  Maksyuta,  K.  Kylyvnyk,  Y.  Polyschuk,  D.  Reisner,  and  T.  Xiao 

342  Safety  and  Performance  of  In-Service  Lithium-Sulphur  Dioxide  Batteries 

I.  Hill,  E.  Andrukaitis,  and  G.  Torlone 

343  Fabrication  of  Dye-Sensitized  Solar  Cells  by  the  Spray  Pyrolysis  Deposition  (SPD)  Technique 

M.  Okuya,  K.  Nakade,  S.  Kaneko,  N.  none,  N.  none,  and  N.  none 

344  High  Temperature  Characteristics  of  Lithium  Ion  Batteries  Using  Spinel  Lithium  Manganese  Oxides  as  the  Cathode 

H.  Watanabe,  N.  Imachi,  K.  Saishou,  and  S.  Narukawa 

345  Li-Ion  Cells  using  a  New  High  Capacity  Cathode 

Y.  Grincourt,  C.  Storey,  I.  Davidson,  P.  Whitfield,  I.  Kargina,  and  H.  Slegr 

346  Thermal  Analysis  of  a  40- Ah  Lithium-ion  Cell 

H.  Vaidyanathan  and  G.  Rao 

347  Overview  of  ENEA's  Projects  on  Lithium  batteries 

F.  Alessandrini,  M.  Conte,  S.  Passerini,  and  P.P.  Prosini 

348  Properties  of  Explosively  Compacted  Li-Ion  Battery  Components 

M.  Jak,  N.  Van  Landschoot,  E.  Kelder,  and  J.  Schoonman 

349  New  PVDF  Binder  for  Li-Ion  Batteries 

B.  Barriere 

350  Effect  of  Separator  Properties  on  the  Performance  of  Lithium-Ion  Cells 

D.-J.  Dim,  H.-S.  Sin,  K.-S.  Roh,  J.-H.  Lee,  andY.-J.  Shim 

35 1  Advanced  Li-Ion  Technology  for  the  MSP01  MARS  Lander 

C.  Marsh,  R.  Gitzendanner,  F.  Puglia,  and  J.  Byers 

352  Characterization  of  Lithium  Thionyl  Chloride  Cells  by  Impedance  Techniques 

F.  Walsh,  M.  Pozin,  A.  Cherniy,  and  K.  Tikhonov 


XVII 


Abstract 

Number 

353  High  Rate  Performance  Of  Moltech  Prismatic  Rechargeable  Cells 

Y.  Geronov  and  T.  Skotheim 

354  Manganese  Type  Lithium  Ion  Battery  for  Pure  and  Hybrid  Electric  Vehicles 

T.  Horiba,  K.  Hironaka,  T.  Matsumura,  T.  Kai,  M.  Koseki,  and  Y.  Muranaka 

355  Status  of  Lithium  Battery  for  Electric-Based  Transportation 

G.A.  Nazri 

356  Performance  Characteristics  of  LiMn204/polymer/Carbon  Electrochemical  Cells 

N.  Kamaruddin,  Z.  Osman,  N.S.  Mohamed,  and  A.K.  Arof 

357  Cooperative  Research  on  Safety  Fundamentals  of  Lithium  Batteries 

J.R.  Selman,  S.  A1  Hallaj,  I.  Uchida,  and  Y.  Hirano 

358  Development  of  High  Energy  Density  Li-Ion  Batteries  Based  on  LiNi1.x.yCoxAly02 

J.  Weaving,  F.  Coowar,  D.  Teagle,  J.  Cullen,  V.  Dass,  P.  Bindin,  R.  Green,  and  B.  Macklin 

359  Recycling  of  Lithium  Ion  Cells  and  Batteries 

M.  Lain 

360  Modulation  of  Discharge  Process  of  a  Lithium  Battery  by  Changes  of  Battery  Inner  Medium  Influence  on  Process  of 
Discharge 

A.  Skekhtman 

361  Application  of  Impedance  Measurements  in  the  Development  of  Lithium  Ion  Cells 

F.  Walsh,  M.  Pozin,  and  K.  Tikhonov,  Jr. 

362  Liquid-free  Rechargeable  Li  Polymer  Battery 

S.  Matsui,  T.  Muranaga,  H.  Higobashi,  S.  Inoue,  and  T.  Sakai 

363  High  Temperature  Stable  Lithium  Ion  Polymer  Battery 

C.-K.  Park,  A.  Kakirde,  W.  Ebner,  V.  Manivannan,  C.  Chai,  and  D.-J.  Ihm 

364  Solid  Polymer  Electrolyte  Cells  Using  SnSbx/Li2  6Co0  4N  Composite  Anodes 

J.  Yang,  Y.  Takeda,  N.  Imanishi,  Q.  Li,  H.Y.  Sun,  and  O.  Yamamoto 

365  Elucidation  of  the  Charge-Discharge  Mechanism  of  Lithium/Polymer  Electrolyte/Pyrite  Batteries 

E.  Stauss,  D.  Golodnitsky,  and  E.  Peled 

366  Development  of  a  Bipolar  Li/Composite  Polymer  Electrolyte/Pyrite  Battery  for  Electric  Vehicles  Application 

V.  Livshits,  A.  Blum,  E.  Strauss,  G.  Ardel,  D.  Golodnitsky,  and  E.  Peled 

367  Near-Room-Temperature  Rechargeable  Lithium/Pyrite  Battery 

G.  Ardel,  D,  Golodnitsky,  E.  Peled,  G.  Appetecchi,  P.  Romagnoli,  and  B.  Scrosati 

368  The  Two-Phase  Battery  Concept:  A  New  Strategy  for  High  Performance  Lithium  Polymer  Batteries 

P.P.  Prosini,  M.  Carewska,  F.  Alessandrini,  and  S.  Passerini 

369  Investigations  on  Lithium  Polymer  Electrolyte  Batteries 

G.  Appetecchi,  F.  Alesandrini,  M.  Carewska,  P.  Prosini,  S.  Scaccia,  and  S.  Passerini 

370  Cycling  Performance  and  Interface  Properties  of  Li/PEO-Li(CF3S02)2N-Ceramic  Fillers/LiNi0  8Co0  202 

L.  Qi,  Y.  Takeda,  N.  imanish,  J.  Yang,  H.Y.  Sun,  and  O.  Yamamoto 

371  Fabrication  and  Electrochemical  Characteristics  of  All- Solid-State  Lithium-Ion  Rechargeable  Batteries  Composed  of 
LiMn204  Positive  and  V205  Negative  Electrodes 

M.  Baba 

372  A  Lithium-Ion  Polymer  Battery  Using  PVdF-HFP/Polyethylene  Composite  Gel  Electrolyte 

X.  Liu,  H.  Kusawake,  and  S.  Kuwashima 

373  Development  of  Solid-Polymer  Lithium  Secondary  Batteries 

J.  Kuratomi,  T.  Iguchi,  T.  Bando,  Y.  Aihara,  T.  Ono,  and  K.  Kuwana 

374  Electrochemical  Performance  of  Gel-Type  Lithium  Polymer  Battery 

Y. -M.  Choi,  J.-I.  Han,  S.-G.  Doo,  and  D.-Y.  Seung 

375  Onset  of  Dendritic  Growth  in  Lithium/Polymer  Cells 

C.  Brissot,  M.  Rosso,  J.-N.  Chazalviel,  and  S.  Lascaud 

376  Influence  of  Added  Plasticizer  on  Dispersion  of  Electrode  Active  Materials  and  on  the  Discharge  Performance  of  Plastic 
Lithium  Ion  Batteries 

S.  Ahn,  H.  Lee,  T.H.  Kim,  and  H.M.  Lee 

377  Use  of  Grafted  PVdF-based  Polymers  in  Lithium  Rechargeable  Lithium  Batteries 

C.  Jarvis,  B.  Macklin,  A.  Macklin,  N.  Mattinlgey,  and  E.  Konfli 

378  Production  and  Study  of  Physical  and  Chemical  Properties  of  Thin-Film  CC-ES 

V.A.  Dusheiko,  L.P.  Paskal,  and  V.U.  Buryak 

379  7Li-Nuclear  Magnetic  Resonance  Observation  of  Lithium  Insertion  into  Coke  Carbon  Modified  with  Me sophase- Pitch 

Y.  Sato,  K.  Tanuma,  T.  Takayama,  K.  Kobayakawa,  T.  Kawai,  and  A.  Yokoyama 


xviii 


Abstract 

Number 


380  X-ray  Photoemission  Studies  of  Surface  Pre-treated  Graphite  Electrodes 

R. I.R.  Blyth,  H.  Buqa,  F.P.  Netzer,  M.G.  Ramsey,  J.O.  Besenhard,  P.  Golob,  and  M.  Winter 

381  Raman  Microscopy  as  a  Quality  Control  Tool  for  Electrodes  of  Lithium-Ion  Batteries 

P.  Novak  and  J.-C.  Panitz 

382  Structural  and  Concentrational  Changes  in  Lithium  Polymer  Electrolytes  Under  Current  Flow:  In  Situ  Micro-Raman 
Investigation 

D.  Ostrovskii  and  P.  Jacobsson 

383  Studies  of  Lithium  Battery  Materials  using  Cold  Neutron  Depth  Profiling 

G.  Lamaze,  H.  Chen-Mayer,  D.  Becker,  F.  Vereda,  A.  Gerouki,  N.  Clay,  P.  Zerigian,  T.  Haas,  and  R.  Goldner 

384  Application  of  EELS  to  Characterization  of  Cathode  Materials  for  Lithium  Secondary  Batteries 

Y.  Shiraishi,  I.  Nakai,  K.  Kimoto,  and  Y.  Matsui 

385  Mechanisms  and  Dynamics  of  the  Microcorrosion  Phenomena  in  the  Coin  Cells  of  an  Electrochemical  System  “CF1+X  - 
Lithium” 

V.N.  Mitkin,  T.N.  Denisova,  V.E.  Kerzhentseva,  E.A.  Shinelev,  and  V.V.  Moukhin 

386  In  Situ  Raman  Study  of  a  Lithium-Polymer  Battery 

C.  Naudin,  J.L.  Bruneel,  M.  Deschamps,  C.  Edwards,  J.  Grondin,  S.  Lascaud,  J.C.  Lassdgues,  and  L.  Servant 

387  Quinone-Introduced  Conducting  Polymers  for  Supercapacitor  Material 

S.  Suematsu,  A.  Manago,  T.  Ishikawa,  and  K.  Naoi 

388  New  Gel  Electrolytes  for  Batteries  and  Supercapacitor  Applications 

J.  Chojnacka,  J.L.  Acosta,  and  E.  Morales 

389  Electric  Capacitance  of  Active  Carbon  Fiber  Electrode  in  Aqueous  Electrolyte  Solutions 

Y.  Matsuda,  S.  Ohmura,  and  K.  Ohno 

390  Nanotubular  Materials  for  Supercapacitors 

E.  Frackowiak,  K.  M6t6nier,  and  F.  Bdguin 

391  Charge/Discharge  Characteristics  of  V205-Carbon  Composite  for  Supercapacitor 

M.-S.  Kim,  J.-U.  Kim,  B.-K.  Park,  and  H.-B.  Gu 

392  Application  of  Conducting  Polymer  Composite  Electrode  for  Supercapacitor 

K. -W.  Kang,  J.-U.  Kim,  and  H.-B.  Gu 


xix 


Abstract  No.  1 


Year  2000  R&D  Status  of  Large-Scale  Lithium  Secondary 
Batteries  in  the  National  Project  of  Japan 

T.  Tanaka,  Central  Research  Institute  of  Electric  Power 
Industry  (CRIEPI),  and  N.  Arai,  the  Lithium  Battery  Energy 
Storage  Technology  Research  Association  (LIBES),  Tokyo, 
Japan 

As  part  of  the  New  Sunshine  Program  promoted  by  the 
Agency  of  Industrial  Science  and  Technology  (AIST),  MITI,  a 
10-year  project  to  develop  dispersed-type  energy  storage 
technology  commenced  in  FY1992  and  will  be  completed  in 
FY2001.  The  Lithium  Battery  Energy  Storage  Technology 
Research  Association  (LIBES)  was  entrusted  with  this 
challenge  by  a  project-managing  agency,  the  New  Energy  and 
Industrial  Technology  Development  Organization  (NEDO), 
and  has  been  conducting  research  and  development. 

Based  on  the  results  of  10-Wh-class  cell  developments  in 
Phase  I,  the  subsequent  five  years,  which  began  in  FY1997, 
were  designated  Phase  II.  As  originally  planned,  the  program 
of  Phase  II  aims  at  further  improvement  of  the  performance  of 
large-scale  cells,  including  safety  issues,  and  battery  modules 
using  these  high-performance  large-scale  cells,  and  the 
formulation  of  roadmaps  toward  worldwide  dissemination  of 
large-scale  lithium  secondary  batteries.  In  addition  to  the 
above  R&D  programs,  a  new  target  has  been  presented 
particularly  for  sooner  practical  application  of  several-kWh 
class  battery  modules1’1. 

Two  types  of  battery  modules  have  been  developed,  i.e.,  for 
stationary  device  and  electric  vehicle  applications.  Cathode 
materials  for  these  cells  are  either  nickel-cobalt  oxides  or 
manganese  oxides.  It  is  projected  that  they  should  have  the 
following  performance  targets.  Battery  modules  for  stationary 
devices  such  as  customer-use  small-scale  energy  storage, 
sometimes  called  load  conditioners,  should  be  characterized 
by  battery  capacity,  2  kWh;  specific  energy,  120  Wh/kg; 
energy  density,  240  Wh/L;  cycle  life,  3500  cycles;  energy 
efficiency,  90%.  Those  for  the  electric  vehicle  application 
should  be  characterized  by  battery  capacity,  3  kWh;  specific 
energy,  150  Wh/kg;  energy  density,  300  Wh/L;  specific 
power,  400  W/kg;  cycle  life,  1000  cycles;  energy  efficiency, 
85%. 

Exterior  views  of  the  four  battery  modules  developed  in  this 
project  are  shown  with  their  respective  material  composition 
and  shape  in  Fig.l.  Parameters  such  as  battery  capacity  and 
energy  efficiency  have  already  achieved  their  original  targets 
for  both  the  types.  Specific  power  has  also  reached  its  target  in 
the  battery  module  level  for  EV  purpose. 

Currently,  further  improvements  in  energy  density  and  the 
cycle  life  of  the  cells  themselves  are  being  pursued.  For  that 
purpose,  the  materials  for  cathodes  and  anodes,  the  shapes  and 
structures  for  batteries  and  the  methods  for  cell  connections 
are  being  re-investigated.  This  should  lead  to  the  improvement 
of  the  performance  of  the  battery  modules.  Some  examples  are 
described  below. 


stability  of  the  cathode  due  to  the  rise  of  the  onset  temperature 
of  thermal  decomposition  of  the  active  material  and  the 
reduction  of  the  decomposition  reaction  heats.  In  the  Mn 
active  material  system  selected,  the  crystal  volume  changes 
during  charging  and  discharging  have  been  decreased  as  a 
result  of  the  reduction  in  the  lattice  constant  caused  by 
increasing  the  amount  of  Mn4+  in  the  crystal,  which  leads  to  an 
extension  of  the  cycle  life. 

Anode  Materials:  In  the  graphite/coke  hybrid  anode  chosen, 
the  side  reaction  between  the  electrode  surface  and  the 
electrolyte  is  suppressed  by  the  characteristics  of  the  coke,  and 
the  high  capacity  density  is  simultaneously  maintained. 
Therefore,  for  the  battery  composed  of  this  material,  the  cycle 
life  is  improved  and  a  high  energy  density  is  achieved.  In  the 
Ag-dispersed  graphite  anode  material  system  chosen,  the 
improvement  of  the  electronic  conductivity  and  the  forming  of 
the  LiAg  alloy  resulting  from  Ag  addition  will  lead  to  the 
cycle  life  extension  and  high  energy  density  in  the  batteries, 
respectively. 

Newly  developed  cells  and  battery  modules  based  on  the 
preceding  R&D  procedures  are  compared  in  terms  of  their 
short-term  and  long-term  performances. 

Since  FY1998,  the  development  of  medium-capacity  battery 
systems  for  small-  and  medium-size  electric  vehicles,  as  well 
as  for  demand-side  stationary  device  applications  has  been 
under  way.  This  new  development  is  not  only  based  on  the 
results  for  large-scale  cells  and  battery  modules  obtained  thus 
far,  but  also  aims  at  further  performance  improvements  of  the 
battery  systems.  This  project  in  Phase  II  is  expected  to  realize 
sooner  practical  application  of  lithium  secondary  batteries. 


EV-application  type  EV-application  type 


Stationary  type  Stationary  type 

Fig.  1  Battery  Modules  Developed  in  the  Project 
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Cathode  Materials:  In  the  Ni-Co  active  material  system 
selected,  the  crystal  structure  has  been  stabilized  by  the 
substitution  of  some  Ni  by  Co,  which  has  contributed  to  the 
improvement  of  the  cycle  life  of  the  battery.  The  Co 
substitution  has  also  led  to  the  improvement  of  the  thermal 
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FROM  GEMS  TO  LITHIUM  BATTERY 
ELECTRODES 
by 

Michael  M.  Thackeray 
Electrochemical  Technology  Program 
Chemical  Technology  Division 
Argonne  National  Laboratory 
Argonne,  Illinois  60439 

The  materials  that  are  used  for  the  negative  and 
positive  electrodes  of  rechargeable  "lithium-ion"  batteries 
have  host  structures  that  can  accommodate  and  release 
lithium  over  a  wide  compositional  range.  Carbon  and 
intermetallic  compounds  have  been  widely  exploited  as 
the  negative  electrodes  and  transition  metal  oxides  as  the 
positive  electrodes  in  these  batteries.  In  order  for  a 
lithium-ion  battery  to  perform  adequately,  it  is  essential 
that  the  structural  integrity  of  the  electrode  host  structures 
be  maintained  throughout  the  discharge  and  charge 
processes  for  many  hundreds  of  cycles.  Nature  provides 
us  with  many  examples  of  stable  compounds  that  can  be 
produced  from  solution  or  melt,  or  by  solid-state  or  ion- 
exchange  reactions  under  variable  conditions  of 
temperature  and  pressure.  As  such,  the  mineral  world 
can  be  used  as  a  guide  in  the  selection  of  materials  for 
technological  applications.  In  this  presentation,  the 
relationships  that  exist  between  the  structure-types  of 
precious  and  semi-precious  gems  and  insertion  electrodes 
for  lithium  batteries  will  be  highlighted. 
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Aging  mechanism  in  Li  Ion  cells  and 
calendar  life  predictions 

M.  Broussely1,  S.Herreyre2,  P.Biensan  2 
P.  Kasztejna3,  K.Nechev3,  R.J.Staniewicz3 
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3  SAFT  America  .  107  Beaver  court,  Cokeysville,MD,  USA 


Due  to  its  excellent  energy  density  and  specific  energy  Li 
ion  system  appears  to  be  the  best  solution  for  many 
applications  such  as  for  example  standby  power  sources 
or  satellites.  If  outstanding  cycle  life  at  small  DOD  has 
now  been  demonstrated,  a  pending  question  is  the  ability 
of  these  cells  to  operate  over  very  long  life,  currently 
more  than  10  years,  in  various  environmental  conditions. 
Calendar  life  prediction  of  such  cells,  which  must  take  in 
account  possible  aging  reactions,  independently  of 
cycling,  has  been  very  few  reported  so  far.  In  order  to 
evaluate  such  calendar  life,  different  cell  designs  were 
tested  for  long  period  of  time,  and  the  results  will  be 
described. 

Cell  aging,  resulting  in  energy  losses,  can  be  the  result  of 
degradation  of  the  active  materials  structure,  or 
secondary  reactions  at  the  interface  of  active  material  with 
the  electrolyte. 

On  the  positive  side,  slow  oxidation  of  electrolyte  can 
form  passive  films  on  the  surface,  and  active  material  loss 
due  to  particles  insulation.  That  results  in  capacity  loss, 
associated  with  a  polarization  resistance  increase.  This 
phenomenon  is  enhanced  by  temperature  and  electrode 
potential,  i.e.  material  oxidizing  activity. 

On  the  negative  electrode,  the  most  common  side  reaction 
is  the  electrolyte  slow  reduction  through  the  passivation 
layer,  consuming  lithium,  or  degradation  of  carbon 
structure,  reducing  its  ability  to  insert  lithium. 

Temperature  being  the  usual  accelerating  factor,  complete 
cells  have  been  stored  at  different  temperatures,  up  to 
60°C.  A  constant  “floating”  voltage  has  been  applied  to 
the  cells,  to  be  in  controlled  conditions  regarding  the 
electrodes  reactivity  towards  the  electrolyte,  and  to 
simulate  the  actual  conditions  of  utilization.  “Diagnostic 
tests”  are  applied  periodically,  to  follow  the  cells 
characteristics  as  a  function  of  time. 

The  example  of  LiNixMcl.x)02  /  Graphite  “40Ah”  High 
Energy  cells  aging  will  be  described,  showing  a  negligible 
permanent  capacity  loss  after  8  months  storage  at  40°C 
under  a  constant  voltage  of  3.9V,  while  under  the  more 
severe  condition  of  60°C,  the  capacity  loss  is  limited  to 
less  than  5%  during  the  same  period. 

This  capacity  loss  at  high  temperature  can  be  attributed  to 
the  lithium  corrosion  from  the  negative  electrode  by  the 
electrolyte,  through  the  passivation  layer.  A  corrosion 
kinetic  model  has  been  established,  assuming  that  the 
rate-limiting  factor  is  the  electronic  semi-conductivity  of 
the  SEI  layer  by  having  the  general  simple  equation: 


The  constant  parameters  are: 

X  =  Specific  electronic  semi-conductivity 
s  =  interface  area  considered 
eo=  initial  layer  thickness  after  cell  formation 
r=  ratio  of  insoluble  /  soluble  reaction  products 
k,  n  and  d  are  coefficients  of  proportionality 

Thanks  to  additional  results  obtained  from  previous 
designs,  tested  for  more  than  1  year,  a  very  good  fitting 
with  experimental  data  has  been  obtained,  and  will  be 
discussed.  Assuming  an  Arrhenius  law  applied  to  the 
semi-conductivity  of  the  layer,  %=Xo*  C  _E/RT  •  an 
activation  energy  could  be  deduced  from  several 
temperature  testing,  and  capacity  loss  predictions  can  be 
made  as  a  function  of  temperature,  confirmed  by  other 
experimental  data. 

Cell  post  mortem  analysis,  which  will  be  described,  have 
demonstrated  that  the  negative  capacity  loss  is  not  related 
to  a  carbon  aging,  which  properties  remained  quite  similar 
to  initial  state. 

Assuming  that  the  negative  electrode  corrosion  is  the 
main  aging  factor,  excellent  calendar  life  predictions  can 
be  extrapolated,  especially  with  the  nickel-based  oxides 
design.  Additional  capacity  loss  can  result  from  the 
positive  electrode  degradation,  which  is  associated  with 
cell  polarization  increase.  Stable  resistance  of  the  last  cell 
generation  during  on-going  aging  test  gives  credit  to  this 
assumption. 


t  =  A/(2*B) .  x2  +  eo  /B  *  * 


With 

A=  [d  •  n  /  (1  +  r)] 

B=  k  »x*s 

t  =  time  elapsed  from  initial,  after  formation 
x  =  amount  of  Li  corroded, 
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The  appearance  of  lithium-ion  rechargeable 
battery  ten  years  ago  comes  now  supporting  to  an 
epoch  of  mobile  telecommunication,  mainly 
because  of  the  high  energy  density.  In  the 
viewpoint  of  reliability,  the  leakage  of  organic 
solvents  used  in  the  electrolyte  may  cause 
undesirable  matters,  such  as  peculiar  odor  of 
organic  solvents,  catching  a  fire  to  the  worse  and 
so  on.  Authors  have  been  developing  for  several 
years  polymer  electrolytes  to  apply  to  a  lithium-ion 
battery  for  the  purpose  to  enhance  the  reliability. 
Solidifying  electrolyte  spread  into  an  entire  cell 
with  ingenious  polymer  gel  technology  (Fig.  1), 
authors  succeeded  in  developing  an  ultra  thin  and 
light  battery  suitable  for  mobile  phones.  The 
features  are: 

(1)  Thin  and  light 

(2)  No  solvent  leakage 

(3)  Enhanced  safety 

(4)  The  same  performance  as  a  conventional  Li-ion 
battery,  such  as  high  drain  and  low  temperature 
capability  in  addition  to  durability  in  high 
temperature  storage(Table  1,  from  latest  R  &  D). 

As  known  in  general,  the  ion  mobility  in  gel 
was  supposed  to  be  insufficient  to  perform 
practical  battery  functions.  The  major 
breakthrough  leading  to  (4)  is  no  doubt  due  to  the 
improvement  in  ion  conductivity  of  gel  electrolyte, 
as  shown  in  Fig. 3.  It  is  speculated  that  trapped 
ions  stabilized  with  solvents  in  the  matrix  of 
polymer  molecules  work  elaborately  in  the  high 
drain  condition  and  even  at  low  temperature. 

As  the  result  of  polymer  gel  method,  authors 
could  eliminate  liquid  or  fluid,  thus  there  is  no 
fear  of  electrolyte  leakage  even  if  cell  cases  are 
broken.  In  addition  there  is  no  increase  in  internal 
vapor  pressure,  therefore  it  is  possible  to  utilize 
thin  film  of  A1  and  plastic  layers  for  cell  cases,  as 
commonly  used  in  retort  food  packs.  Since  there  is 
no  significant  solvent  vapor,  there  is  no  chance  to 
cause  a  fire,  resulting  in  enhancing  reliability  and 
safety. 

In  this  paper  the  authors  report  the  R  &  D  status 
of  Sony’s  lithium-ion  polymer  batteiy,  its  gel 
technology  and  results. 

Table  l.  Updated  results  in  R  &  D 


3.8  x  35  x  62(54)  mm 

RMH 

15.5  g 

Nominal  Capacity 

690  mAh 

Nominal  Voltaqe 

3.7  V 

Charge  Voltaqe 

4.2  V 

Charge  Time 

90  min. 

Energy  Density  (Volume) 

375  mu 

Energy  Density  (Weight) 

165/Wh/kq 

Cycle  performance 

83  %  @  1,000  Cycle 

-20*  -  60* 

Cathode 

Anode 

Fig.2 
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In  order  to  timely  respond  to  the  continuous  demands  for 
higher  energy  density  and  the  rapid  diversification  of 
small  consumer  applications  as  mentioned,  it  is  urgently 
needed  for  us  to  discover  new  active  materials  for 
different  operating  voltages  and  shapes  and  develop  core 
technologies  for  high  reliability  and  safety. 

In  this  paper,  the  trend  of  battery  development  in  MEI  is 
overviewed,  along  with  the  changing  needs  for 
appliances,  and  the  future  movements  of  our  development 
is  also  discussed. 


Abstract: 

Historically,  battery  development  has  changed  its  course 
in  accordance  with  the  characteristics  of  battery 
applications. 

Various  battery  systems  have  been  developed  to  satisfy 
the  demands  of  the  age. 

Especially,  during  these  15  years,  the  competition  in  the 
development  of  small  consumer  batteries  has  rapidly 
strained,  in  response  to  the  remarkable  diversification  and 
spread  of  portable  appliances. 

In  the  21st  century,  the  development  of  “solution-type” 
products  will  be  necessary,  to  meet  the  characteristics  of 
each  portable  product  which  is  in  a  rapid  growth  in  the 
consumer  market. 

From  the  viewpoint  of  the  device  design  according  to  the 
market  needs  as  above,  the  development  of  the  following 
items  will  be  continued: 

-  materials  as  the  source  of  various  battery  systems; 

-  core  technologies  in  order  to  improve  the  efficiency 
and  output  characteristics  of  batteries; 

-  quality  with  high  reliability  and  safety  of  battery 
products; 

-  environmentally-friendly  battery  elements/materials. 

Figure  1  shows  the  trend  of  battery  development  in 
Matsushita  Electric  Industrial  Co.,  Ltd.  (MEI). 

As  shown  in  the  Figure,  we  started  to  introduce  our 
advanced  NiCd  batteries  with  high  energy  density  to  the 
VCR  market  around  1985,  based  on  our  success  to 
improve  the  battery’s  structure. 

Next,  technology  with  new  active  material  was  introduced 
to  alkaline  rechargeable  battery  systems.  After  this 
innovative  change  of  the  systems,  NiMH  rechargeable 
battery  was  developed;  this  promoted  the  expansion  of  the 
application  of  portable  rechargeable  batteries,  such  as 
cellular  phones  and  personal  computers. 

The  rise  of  such  small  batteries  with  high  energy  density 
as  above  caused  a  revolution  of  market  structure,  and  the 
demand  for  downsized  batteries  with  higher  capacity  has 
increased. 

In  1992,  Lithium-ion  rechargeable  battery  was  put  on  the 
market.  With  its  remarkably  improved 
volumetric/gravimetric  energy  density,  the  market 
demand  for  small  rechargeable  batteries  in  the  area  of 
telecommunication  and  personal  computers  was 
dramatically  promoted. 

During  the  battery  development  as  above,  various 
materials  have  been  developed  to  improve  the  volumetric 
efficiency  and  core  technologies  have  been  accumulated, 
and  as  a  result,  a  variety  of  new  appliances  with  high 
capacity  and  high  reliability  has  been  introduced. 

With  these  efforts,  MEI  has  first  succeeded  in  the  world 
to  commercialize  lithium-polymer  battery,  which  features 
light  weight  and  thinner  shape,  and  to  meet  the  demands 
which  have  not  been  satisfied  by  other  conventional  ion 
batteries. 
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The  U.S.  Army  Communications-Electronics  Command 
has  had  a  significant  program  over  the  past  several  years 
aimed  at  providing  for  lighter  primary  and  rechargeable 
batteries,  as  well  as  providing  for  more  convenient 
charging  in  the  field.  This  work  is  being  conducted  in 
conjunction  with  both  battery  developers  and  charger 
manufacturers.  Improved  primary  batteries  are  being 
developed  for  special  man-portable  uses  such  as  the  Land 
Warrior,  where  the  amount  of  electronic  equipment  is 
increasing  and  longer  missions  are  required.  There  are  no 
commercial  primary  batteries  available  that  exhibit  the 
required  high  capacities  at  the  high  energy  and  power 
densities  desired.  The  emphasis  on  rechargeable  batteries 
started  about  5  years  ago  in  response  to  the  increasing 
cost  of  the  primary  lithium  sulfur-dioxide  batteries, 
especially  during  training.  This  has  led  to  the  fielding  of 
relatively  large  lithium  and  nickel-metal  hydride  batteries, 
and  to  the  need  for  versatile  charging  equipment  which 
can  be  employed  both  in  the  front  lines  and  rear  support 
areas. 

The  main  user  concerns  are  energy  content,  power, 
weight,  safety  and  ease  of  recharging,  while  those  of  the 
logistics  and  support  personnel  are  cost,  disposal 
requirements,  unused  capacity  and  proliferation  of  battery 
types.  These  impose  additional  limitations  on  the  types  of 
systems  that  can  be  considered. 

PRIMARY  BATTERIES:  In  the  area  of  primary,  or  non- 
rechargeable,  batteries,  there  has  been  a  major  effort  over 
the  past  few  years  to  provide  an  improved  battery  to 
replace  the  very  good  lithium-sulfur  dioxide  battery 
which  has  been  the  workhorse  for  Army  high- 
performance  portable  equipment  for  the  past  15-20  years. 
We  are  now  providing  new  prototype  batteries  to  the 
Land  Warrior  program  that  have  50-80%  more  capacity, 
and  in  addition  are  safer.  They  are  based  on  lithium  and 
manganese  dioxide,  and  are  packaged  in  foil  pouches 
rather  than  metal  cans.  If  the  initial  successes  continue 
these  types  will  replace  the  current  batteries.  However, 
the  lithium-sulfur  dioxide  batteries  have  two  outstanding 
characteristics  that  will  be  difficult  to  match.  They 
operate  very  well  at  low  temperatures  (-40  C)  and  have 
long  storage  lives.  Studies  show  that  they  can  be 
expected  to  lose  only  about  10%  of  their  capacity  after  10 
years  of  random  storage.  Prototype  lithium-manganese 
dioxide  pouch  batteries  have  been  tested  in  various  sizes 
and  applications  with  positive  results.  For  example,  the 
experimental  BA-3847  primary  pouch  battery  has  a 
capacity  of  14  Ah  at  6-8  volts,  as  compared  to  7  Ah  for 
the  older  BA-5847  sulfur  dioxide  primary  and  3.8  Ah  for 
the  rechargeable  lithium-ion  version  of  this  battery. 

In  addition,  we  are  developing  very  high  energy  density 
zinc-air  batteries  which,  though  limited  in  low 
temperature  and  high  rate  performance,  can  serve  at  silent 
portable  battery  chargers  and  as  power  sources  for  remote 
sensors  and  similar  devices. 

RECHARGEABLE  BATTERIES  AND  CHARGERS: 
CECOM  has  introduced  the  lithium-ion  and  nickel-metal 
hydride  batteries  to  replace  the  older  nickel-cadmium 


batteries  over  the  past  few  years.  These  have  1,5  to  3 
times  the  capacities  of  the  nickel-cadmium  batteries  that 
they  replaced.  Wherever  possible,  these  are  based  on 
commercial  cells.  Since  cells  used  in  commercial 
batteries  are  generally  smaller  than  those  used  by  the 
military,  this  has  required  the  use  of  larger  numbers  of 
cells  in  a  single  package,  and  therefore  more  complex 
safety  and  charge  control  circuitry. 

Programs  are  under  way  with  contractors,  as  well  as  with 
the  Air  Force  and  NASA,  to  provide  enhanced  military 
capabilities  for  lithium-ion  batteries,  particularly  in  the 
area  of  low-temperature  performance  and  of  maximizing 
energy  content.  A  portion  of  this  work  is  being  carried 
out  in  CECOM 's  laboratories,  and  we  have  developed  one 
of  the  promising  low  temperature  electrolytes.  Figure  1 
shows  the  performance  over  a  range  of  temperatures  of  a 
cell  with  this  electrolyte,  as  compared  in  Figure  2  with  a 
cell  using  a  standard  commercial  electrolyte.  The  data 
shows  that  the  performance  of  a  cell  with  the  new 
electrolyte  is  about  the  same  at  -30  C  as  a  conventional 
cell  at  -20  C. 

We  are  also  working  with  the  Dismounted  Battlespace 
Battle  Lab  at  Ft.  Benning,  as  well  as  others,  to  develop 
and  field  a  range  of  new  battery  chargers,  from  on-the- 
move  vehicle  chargers  to  smart  cables  that  can  be  carried 
by  an  individual  warfighter.  The  first  of  these  is  a  charger 
that  can  be  bolted  into  the  back  of  a  vehicle.  It  will  accept 
the  military  standard  batteries,  and  fits  into  the  charger  in 
a  manner  that  provides  contact  with  circuitry  that  provides 
the  appropriate  charging  regimen.  150  initial  chargers 
have  been  fabricated  and  are  now  seeing  service  in  a 
number  of  locations,  including  Kosovo. 

34570  (D)  cell  #27  w/I.OM  LIPF6  2EC:2DMC:1DEC 
Discharge  at  2A  at  different  temperatures 
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Figure  1  -  Low  Temperature  Electrolyte 

34570  (D)cell  #7  w/I.OM  UPF6  1EC:1DMC:1EMC 
Discharge  at  2A  at  different  temperatures 
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Rechargeable  lithium-ion  batteries  offer  significant 
performance  and  cost  benefits  for  many  future  space 
missions.  The  projected  benefits  include  reduced 
weight  and  volume  of  the  energy  storage  system, 
improved  reliability  and  low  power  system  life  cycle 
costs.  In  view  of  these  advantages,  NASA  is 
considering  the  use  of  lithium  ion-batteries  in  many 
aerospace  applications  such  as  planetary  landers, 
planetary  rovers,  planetary  orbiters,  earth  orbiting 
spacecraft  (GEO  and  LEO)  and  astronaut  equipment. 
Air  Force  is  considering  using  these  batteries  in 
various  applications,  such  as  unmanned  aerial 
vehicles,  military  aircraft  and  earth  orbiting 
spacecraft  (GEO  &  LEO).  Some  of  NASA’s 
missions  that  are  scheduled  to  use  these  batteries  in 
the  near  term  include  the  Mars  2001  Lander,  the 
Mars  2003  Rover,  Europe,  Pluto  fly-by,  and  Solar 
Probe.  Plans  are  also  being  made  to  replace  the 
existing  hydraulic  Auxiliary  Propulsion  Unit  (APU) 
of  the  Shuttle  with  an  electrically  controlled  system 
using  100  -  150  kWh  Li-Ion  batteries.  These  batteries 
are  also  being  considered  for  use  in  cameras, 
astronaut  equipment,  satellite  tools  etc. 

Planetary  missions  such  as  landers  and  rovers  require 
lithium-ion  batteries  (28  V,  6-35  Ah)  that  are  capable 
of  operating  at  temperatures  as  low  as  -20°C.  Low 
earth  orbiting  spacecraft  and  planetary  orbiters 
require  lithium-ion  batteries  that  can  provide  30,000- 
50,000  cycles  at  30-40%  depth  of  discharge.  GEO 
spacecraft  require  lithium-ion  batteries  that  have  an 
operating  life  greater  than  ten  to  fifteen  years.  Some 
aircraft  applications  require  high  voltage  (28-300V), 
and  high  capacity  (30-100  AH)  batteries  that  can 
operate  from  -40°C  to  +60°C.  Further,  these  batteries 
need  to  meet  stringent  environmental  requirements 
such  as  vibration,  shock,  and  high  impact. 
Commercially  available  lithium-ion  cells  do  not  meet 
many  of  the  space  mission  requirements.  Small 
capacity  lithium-ion  cells  (1-4  Ah)  that  only  provide 
500-1000  cycles  are  presently  available 
commercially.  Further,  battery  packs  limited  to  2-4 
cells  are  being  supplied  for  consumer  applications. 
State-of-art  lithium-ion  cells  need  improvements  in 
several  areas,  such  as  cell  size/capacity,  cycle  life, 
and  operating  temperature.  In  addition,  the  safety  of 
large  capacity  cells/and  batteries  is  also  a  serious 
concern  for  space  applications. 

A  joint  DOD/NASA  program  has  been  established  to 
develop  lithium-ion  batteries  with  the  capabilities 
required  by  future  NASA  and  DOD  missions.  The 
specific  objectives  of  this  program  are  to  1)  develop 
high  specific  energy  and  long  cycle  life  lithium-ion 
cells  and  batteries,  2)  establish  production  sources, 
and  3)  demonstrate  technology  readiness  for  rovers 
and  landers  by  2000,  GEO  missions  by  2001, 
aviation/UAV’s  by  2001,  military  terrestrial 
applications  by  2001  and  LEO  missions  by  2003. 
The  technical  approach  involves  a)  development  of 
advanced  electrode  materials  and  electrolytes  to 
achieve  improved  low  temperature  performance  and 
cycle  life,  b)  optimization  of  cell  design  to  achieve 
high  specific  energy,  c)  development  of  cells  (6-100 
Ah)  and  batteries  (16-300  V)  of  various  sizes 
required  for  various  future  missions,  and  d)  the 
development  of  control  electronics  for  smart  battery 


management.  These  batteries  will  be  initially  used  in 
missions  where  weight  and  volume  are  critical  and 
cycle  life  requirements  are  low  to  moderate  (200- 
1000). 

The  development  of  lithium-ion  cells  for  lander  and 
rover  applications  is  nearing  completion.  Prototype 
cells  developed  for  these  applications  were  evaluated 
for  their  performance  characteristics,  including  room 
temperature  cycle  life,  low  temperature  cycle  life  (- 
20°C),  rate  capability  as  a  function  of  temperature, 
pulse  capability,  self-discharge  and  storage 
characteristics,  as  well  as,  mission  profile  capability. 
The  results  obtained  so  far  indicate  that  they  can  meet 
mission  performance  needs  such  as  low  temperature 
operational  capability,  eight  to  ten  month  cruise  stand 
storage  requirement,  cycle  life  and  pulse  capabilities. 
Testing  of  the  cells  for  GEO  and  LEO  missions  and 
aircraft  applications  is  in  progress.  This  paper  gives 
an  outline  of  the  DOD-NASA  Li-ion  program  and 
progress  made  so  far  by  US  Air  Force  and  NASA  in 
developing  lithium  ion  cells  for  future  aerospace 
missions. 
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This  paper  will  review  twenty  years  (1980-2000)  of  un¬ 
interrupted  research  activity  of  our  group  in  the  field  of 
carbonaceous  materials  for  application  as  negative  and 
positive  electrode  materials  in  lithium  batteries.  This 
work  was  initiated  after  the  first  paper  showing  the  po¬ 
tential  use  of  graphite  intercalation  compounds  (GICs) 
as  positive  electrodes  in  organic  electrolyte  lithium  pri¬ 
mary  and  secondary  batteries  [1]. 

Two  major  problems  were  then  identified  regarding  the 
application  of  GICs  in  secondary  batteries:  the  solvent 
co-intercalation  and  the  solubility  in  the  electrolyte. 

One  of  the  option  was  the  use  of  dry  polymer  elec¬ 
trolytes  to  cope  with  co-intercalation/exfoliation  phe- 
nomenum.  This  allowed  the  reversible  lithium  in¬ 
tercalation  into  graphite  to  be  achieved  for  the  first 
time  [2]  and  opened  the  way  for  it  use  in  practical 
lithium-ion  batteries  ten  years  later.  A  great  deal  of 
work  was  then  devoted  to  characterize  the  carbon- 
lithiumpolymer  electrolyte  system  at  mild  tempera¬ 
ture  (50-100oC).  The  mechanism  of  lithium  storage  in 
poorly  ordered  carbons  which  yield  a  huge  capacity 
(up  to  1600  mAh/g  [3])  was  clarified  together  with 
that  of  passivation  [4].  After  the  finding  that  EC  does 
not  co-intercalate  into  graphite  and  forms  a  stable  pas¬ 
sivation  film  which  we  studied  in  details  recently  [5], 
much  of  our  work  was  devoted  to  better  characterize 
such  SEI  film  by  SEM  [6,  7],  FTIR  (7]  and  coupled 
XPS  andAFM  [8]. 

The  use  of  strongly  covalent  or  iono-covalent  GICs 
such  as  graphite  oxide  [9]  and  graphite  fluoride  [10] 
as  positives  prevents  them  from  dissolution  into  the 
electrolyte  and  makes  them  very  attractive  materials 
for  primary  and  secondary  batteries.  In  addition,  their 
practical  specific  capacity  exceeds  by  far  that  achieved 
with  most  metal  oxide  based  materials. 

We  are  currently  pursuing  research  on  different  areas 
such  as:  1)  new  carbon  phases  for  improved  perfor¬ 
mances  and  2)  the  mechanisms  behind  lithium  stor¬ 
age  and  capacity  losses  in  relation  with  the  passivation 
phenomenum. 

[1]  Ph.  Touzain  and  M.  Armand,  Mat.  Sci.  Eng. 
31(1977)319  [2]  R.  Yazami  and  Ph.  Touzain,  J.  Power 
Sources  (1983)  [3]  M.  Deschamps  and  R.  Yazami,  J. 
Power  Sources  68(1997)236  [4]  R.  Yazami  and  M.  De¬ 
schamps  Mat.  Res.  Soc.  Symp.  Proc.  Vol.  369 
(1995)165  [5]  R.  Yazami  and  S.  Genifes,  Denki  Kagaku 
66(1998)1293  [6]  K.  Zaghib,  R.  Yazami  and  M.  Brous- 
sely  J.  Power  Sources  68(1997)239  [7]  S.  Genius,  R. 
Yazami,  J.  Garden  and  J.  C.  Prison  Synthetic  Met¬ 
als  93(1998)77  [8]  S.  Genis,  R.  Yazami,  H.  Estrade- 
Schwarckopf,  B.  Rousseau,  ITE  Battery  Letters  1 
(1999)15  [9]  Ph.  Touzain,  R.  Yazami  and  J.  Maire 
J.  Power  Sources  (1985)99  [10]  A.  Hamwi,  M.  Daoud, 
J.  C.  Cousseins  and  R.  Yazami,  J. 
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Nowadays,  carbons,  and  particularly  graphites,  seem  to  be 
established  as  the  negative  electrode  materials  most  com¬ 
monly  used  in  rechargeable  lithium-ion  batteries.  Much 
knowledge  has  been  gained  about  them  in  recent  years, 
but  some  important  scientific  challenges  still  remain.  It  is 
the  aim  of  this  talk  to  discuss  the  interrelated  phenomena 
of  solid  electrolyte  interphase  (SEI)  formation  and  the 
irreversible  "charge  loss"  which  occurs  during  the  first 
cycle  of  a  graphite  electrode,  as  well  as  their  relevance  to 
the  cycling  stability  of  lithium-ion  batteries.  Thus,  results 
from  several  advanced  interface  characterization  methods, 
namely  in-situ  mass  spectrometry,  in-situ  infrared  spec¬ 
troscopy,  in-situ  Raman  mapping,  and  in-situ  scanning 
probe  microscopy  were  combined  for  a  more  thorough 
understanding  of  observations  made  in  cycling  experi¬ 
ments. 


From  electrochemical  cycling  tests  we  have 
learned  that  a  high  specific  charge  (-360  Ah/kg  of  car¬ 
bon),  satisfactory  cycle  life  of  the  graphite  electrodes  (Fig. 

1) ,  and  a  charge  loss  of  less  than  7  %  during  SEI  forma¬ 
tion  can  only  be  obtained  when  water  contamination  of  the 
cell  is  avoided  (<10  ppm  H20  in  the  electrolyte).  The 
irreversible  charge  loss  is  proportional  to  the  BET  surface 
area  of  the  graphite  and  rapidly  increases  with  increasing 
water  content  in  the  cell.  In  dry  EC/DMC-based  electro¬ 
lytes,  a  significant  reduction  current  due  to  SEI  formation 
is  observed  at  potentials  <0.8  V  vs.  Li/Li+.  At  -0.8  V 
ethylene  gas  (the  prominent  volatile  product  of  SEI  for¬ 
mation  reactions)  starts  to  evolve.  Hydrogen  gas  can  be 
detected  by  in-situ  mass  spectrometry  (DEMS)  when 
water  is  present  in  the  electrolyte  solution,  while  the 
amount  of  evolved  ethylene  appears  to  be  lower. 

From  in-situ  measurements  we  know  that  the  in¬ 
frared  spectra  and,  thus,  the  SEI  layers  are  similar  on 
different  carbons.  For  convenience,  therefore,  we  chose 
the  basal  surface  of  HOPG  for  our  SEI  morphology  stud¬ 
ies.  In  EC/DMC  the  SEI  starts  to  form  at  ca.  0.7  V  (Fig. 

2) ,  which  is  after  the  start  of  ethylene  evolution.  The  in- 
situ  AFM  technique  revealed  that  the  SEI  is  very  rough  at 
first,  and  does  not  cover  the  whole  surface  of  the  elec¬ 
trode,  but  later  on  the  SEI  film  is  about  200  A  thick  and 
covers  the  entire  surface.  Thus,  combining  our  results  with 
literature  data  we  can  conclude  that  at  first  the  carbonate 
solvent(s)  are  reduced,  forming  ethylene  gas,  organic 
radicals,  oligomers,  and  polymers.  Then  a  SEI  film  pre¬ 
cipitates  on  the  surface  via  a  nucleation  and  growth 
mechanism.  DEMS  experiments  show  that  ethylene  gas 
evolution  is  completed  within  very  short  periods  of  time 
on  thin  (<10  pm)  model  electrodes,  but  on  -100  Jim  thick 
electrodes,  as  in  the  example  of  Fig.  3,  much  more  time  is 
required  for  formation  of  an  effective  SEI  film,  and  ethyl¬ 
ene  gas  continues  to  be  generated  even  at  open  circuit 
when  the  potential  of  the  (lithiated)  graphite  electrode  is 
more  negative  than  -0.8  V. 

This  work  was  supported  in  part  by  the  Swiss  Federal 
Office  of  Energy,  Swiss  National  Science  Foundation,  and 
Timcal  AG.  We  are  grateful  to  Dr.  M.E.  Spahr,  Timcal 
Group,  and  Dr.  O.  Haas,  Paul  Scherrer  Institute,  for 
graphite  samples  and  numerous  stimulating  discussions. 


Cycle  Number 

Fig.  1:  Cycle  performance  of  a  coin  cell  containing 
graphite  (Timrex®  SLM  44)  and  lithium  manganese  oxide 
(BASF)  as  electrode  materials,  and  \M  LiPF6  +  EC/DMC 
as  the  electrolyte.  For  each  cycle,  the  cell  was  cycled  to 
100%  of  the  capacity  exhibited  in  the  last  prior  cycle 
(initially  3.8  mAh/cnr). 


Fie.  2:  In-situ  AFM  image  (one  line  per  second)  of  the 
basal  surface  of  a  HOPG  electrode  in  1 M  LiC104  + 
EC/DMC  (1:1)  recorded  during  a  5  mV/s  potential  scan 
from  1.3  V  to  0  V  vs.  Li/Li+. 


Fig.  3:  DEMS  experiment  with  a  -100-jim  graphite  sheet 
electrode  in  \M  LiPF6  +  EC/DMC  (1:1)  (second  cycle  at 
0.4  mV/s  followed  by  an  open-circuit  step).  The  mass 
signal  m/z  =  27  represents  ethylene. 
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The  search  for  low-cost  and  high-capacity 
carbon  anode  materials  is  now  arousing  interest 
world-wide,  stimulated  by  increasing  demand 
for  lithium-ion  batteries  used  to  power  portable 
electronic  devices  such  as  notebook  computers 
and  phones  [1]  and  for  vehicle  propulsion  in 
zero-emission  vehicles  (ZEVs)  (2).  Rice  husk  is 
a  form  of  agricultural  biomass  and  a  major 
by-product  in  the  rice  milling  industry.  The 
estimated  world-wide  rice  husk  production  was 
about  100  million  tons  according  to  a  1996 
report  by  the  Food  and  Agricultural 
Organization  [3],  Disposal  of  such  vast  amounts 
of  rice  husk  has  been  one  of  the  main  problems 
facing  the  rice  milling  industry.  The  major 
constituents  of  rice  husk  are  silica  (20%-25%) 
and  cellulose,  which  yields  carbon  when 
pyrolysed  under  inert  atmosphere  [4],  We 
consider  rice  husk  to  be  an  excellent  low-cost 
source  for  high-capacity  amorphous  carbon 
containing  micro  amounts  of  silicon. 

Except  for  some  studies  on  the  thermal 
degradation  of  rice  husk  [5,6]  and  the 
preparation  of  silica  from  rice  husks  [4,7],  no 
report  on  preparing  carbon  anode  materials  for 
lithium-ion  batteries  has  been  published. 

In  this  work,  we  developed  a  procedure 
for  obtaining  high-capacity  hard  carbon  with  a 
very  high  specific  surface  area  from  rice  husk. 
The  raw  material,  rice  husk  obtained  from  a 
local  rice  mill,  was  thoroughly  washed  with 
water,  to  remove  adhering  soil  and  clay,  and 
dried  at  110°C  in  an  oven  overnight.  The  dried 
husk  (ca.  30  g)  was  refluxed  with  400  ml  of  3N 
HC1  solution  for  1  hour.  After  leaching,  the 
husk  was  thoroughly  washed  with  distilled 
water  until  the  filtrate  was  free  from  acid.  The 
leached  husk  was  then  dried  at  110°C  for  2 
hours.  After  drying,  the  husk  was  first 
transferred  into  a  quartz  tube,  which  was  then 
purged  with  argon  for  30  minutes.  The  tube  was 
initially  heated  at  150°C  for  1  hour  to  remove 
water  from  the  husk  and  then  heated  at  a 


5°C/min  rate  to  reach  pyrolysis  temperature 
(from  500  to  900°C)  for  another  hour.  The  black 
residues  (about  8  g)  was  ground  as  carbon 
product. 

The  effect  of  pyrolysis  temperatures  from 
500  to  900°C  on  the  capacity  of  Li/Carbon  coin 
cells  was  studied.  The  optimum  pyrolysis 
temperature  was  700°C  in  terms  of  the 
discharge  and  charge  capacity  of  the  first  cycle, 
691  and  319  mAh/g,  respectively.  The 
reversible  capacity  was  about  280  mAh/g  at  the 
10th  cycle. 

When  pretreated  using  a  proprietary 
additive  (X)  of  a  higher  concentration  prior  to 
pyrolysis,  the  resulting  hard  carbon  product 
showed  a  tremendous  increase  in  cell  capacity. 
The  first  discharge  and  charge  capacity  values 
were  2374  and  1055  mAh/g,  respectively.  At 
the  fifth  cycle,  the  reversible  capacity  remained 
1051  mAh/g.  To  our  best  knowledge,  both 
irreversible  and  reversible  capacity  values  are 
the  highest  ever  reported  for  any  carbon  anode 
materials  of  lithium-ion  batteries.  The  surface 
chemistiy  and  relationship  between  the  capacity 
and  specific  surface  area  of  these  new 
hard-carbon  materials  will  be  studied.  The 
impact  of  this  new  super  hard-carbon  material 
will  be  discussed 
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Today's  research  on  negative  electrodes  for 
the  Li-ion  technology  is  mainly  split  between  1) 
enhancing  the  electrochemical  characteristics  of  the 
carbonaceous  negative  electrode  by  chemical 
(pyrolytic  processing  of  organic  materials)  or 
physical  (mechanical  milling  of  carbons)  means,  and 
2)  finding  alternative  materials  to  substitute  for  the 
presently  used  carbonaceous  negative  electrode 
composites.  The  second  approach  has  sequentially 
led  to  the  discovery  of  new  oxides  (ternary 
vanadates  (R-V-O)  [1],  amorphous  tin  composite 
oxides  (ATCO)  [2-3]  or  composite  negative  alloy 
electrodes  (SnFe3C)  [4]  that  can  display  large 
electrochemical  capacities  vs.  Li  at  low  voltages. 
Therefore,  the  poor  capacity  retention  of  these  new 
materials  upon  cycling  is  limiting  their  use  in 
practical  cells. 

Fundamental  studies,  directed  towards  a 
better  understanding  of  the  Li  reactivity  mechanism, 
were  undertaken  to  solve  these  materials 
electrochemical  limitations.  For  the  ATCO’s  or 
alloys  electrodes,  once  the  first  discharge  is 
achieved,  it  is  believed  that  the  Li  uptake/removal 
proceeds  in  accordance  with  a  classical  Li-Sn 
alloying  mechanism  that  is  reversible  over  limited 
amounts  of  cycles  because  of  cycling-driven 
aggregation  issues.  Interestingly,  while  the  unusual 
low  voltage  Li  uptake/removal  with  the  vanadates 
was  discovered  first,  the  Li  reactivity  mechanism 
with  these  materials  still  remains  an  open  question. 

To  answer  this  question  a  must  is  to 
monitor,  by  means  of  in-situ  techniques,  structural 
evolution  as  well  as  oxidation  states  changes  of  the 
cations  during  subsequent  cell  discharge/charge 
cycles.  Herein,  we  took  advantage  of  the  shape  and 
design  flexibility  offered  by  the  plastic  Li-ion 
technology  to  design  unusual  electrochemical  cell 
configurations  for  specific  in-situ  X-rays,  XANES, 
Mossbauer  and  microscopy  studies.  Plastic  batteries 
laminates,  consisting  of  a  3d-metal(M)-based 
Vanadate  positive  electrode  of  general  Formula 
MV04.nH20  and  of  a  Li  negative  plastic  laminate 
separated  by  a  PVdF-HFP  copolymer  plastic  matrix 
swollen  in  liquid  electrolyte,  were  assembled  by 
lamination  under  heat  and  pressure,  and  packed  in  a 
hermetically  sealed  thin  and  soft  metal  laminate  bag. 

For  all  the  vanadates  studied,  the  first 
electrochemical  reduction  vs.  Li  (e.g.  first  discharge) 
was  found  to  produce  an  amorphous  composite 
matrix  consisting  mainly  of  Li20,  M-O,  and  Li-V-0 
nanoparticules.  If  one  considered  FeV04.nH20,  we 


noted  for  instance  that  during  the  first  discharge 
Fe+3  was  fully  reduced  to  "metallic  Fe",  and  then 
reoxidized  to  Fe+n  upon  the  following  charge,  while 
the  oxidation  state  of  V  (+5  to  start  with)  was 
simultaneously  decreasing  to  +2,  and  converting 
back  to  about  44.  The  same  observation  applies  to 
most  of  the  studied  vanadates.  Interestingly,  none  of 
the  involved  metals  (neither  Fe  or  V)  alloys  with 
lithium  implying  a  mechanism  different  from  the 
one  reported  for  the  ATCO's  or  alloys  composites. 
A  different  mechanism,  in  which  the  Li  reactivity  in 
the  vanadates  is  governed  by  the  nanoparticle 
surfaces/grain  boundaries  will  be  presented.  In  light 
of  this  mechanism  several  materials,  precluded  to 
react  with  Li  on  the  basis  of  the  classical  Li 
insertion/deinsertion  process  or  Li-alloying  process 
were  investigated,  and  their  electrochemical 
performance  as  anodes  in  Li-ion  batteries  will  be 
reported. 
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The  protection  of  metallic  Li  anodes  in  organic  and 
inorganic  electrolytes  by  formation  of  a  solid  electrolyte 
interphase  (SEI)  consisting  of  decomposition  products  of 
the  electrolyte  has  been  demonstrated  as  early  as  in  the 
1970ies  by  Dey  [1]  and  Peled  [2],  Later  on,  the  effective 
operation  of  Li-alloy  and  Li-carbon  anodes  far  beyond  the 
reductive  stability  limit  of  various  organic  electrolytes 
could  be  explained  by  the  same  filming  mechanism.  The 
use  of  graphitic  carbons  in  lithium  ion  cells  is  only 
possible  because  the  SEI  prevents  the  solvent  molecules 
from  co-intercalation  [3], 

Composition,  properties  and  rate  of  formation  of  the 
SEI  depend  very  much  on  the  kind  of  electrolyte  and  in 
particular,  on  the  kind  of  solvent.  Carbonate  solvents  such 
as  ethylene  carbonate  (EC)  have  been  identified  as 
excellent  filming  agents.  On  the  other  hand,  it  has  been 
demonstrated  that  even  small  amounts  of  reactive 
electrolyte  additives  may  improve  very  much  the  behavior 
of  the  SEI  [4]  e.g.  with  respect  to  thickness,  conductivity, 
rate  of  formation  and  last  but  not  least  "irreversible 
capacity"  required  to  form  it.  Self-discharge,  safety  at 
elevated  temperatures  and  low  temperature  rate 
capabilities  of  lithium  ion  cells  may  also  depend  strongly 
on  SEI  properties. 

So  far  in  commercial  batteries  bulk  solvents  with 
reasonable  filming  properties  -  mostly  cyclic  and  linear 
carbonates  -  are  used,  although  their  physical  properties 
such  as  freezing  point  (e.g.,  of  EC)  or  flash  points  (e.g.  of 
methyl-  and  ethyl-carbonates)  are  not  really  satisfactory. 
By  effective  film-forming  additives  the  filming  process 
may  "de-coupled"  from  the  bulk  components  of  the 
electrolyte,  i.e.,  the  bulk  components  could  be  selected  in 
view  of  low  temperature  behavior,  safety,  cost,  etc.  [5]. 

SEI  formation  on  carbons  is  related  to 
"electropainting"  as  an  electronically  insulating  film  has 
to  be  deposited  by  an  electrochemical  process  such  as  a 
"solution-precipitation"  process.  Uniformity,  thickness 
and  time,  and  charge  required  to  achieve  a  pin-hole  free 
film  depend  not  only  on  the  electrolyte  composition  but 
also  on  the  surface  characteristics  and  the  pre-treatment  of 
the  substrate  electrode  to  be  filmed.  This  is  in  fact  a 
process  controlled  by  nucleation  and  growth  of  nuclei  as 
illustrated  by  Fig.  1. 

Whereas  the  irreversible  reduction  of  standard  bulk 
solvent  components  of  the  electrolytes  is  usually 
kinetically  strongly  hindered  and  hence  does  not  occur 
until  the  carbon  or  alloying  metal  electrode  approaches 
the  potential  of  Li-insertion,  additives  may  be  chosen  in  a 
way  that  filming  occurs  at  much  more  positive  potentials, 


a)  SEI  Products 


Fig.  1.  Schematic  representation  of  the  filming 
process  on  substrates  offering  a)  good  and  b) 
poor  conditions  for  nucleation. 

i.e.  before  any  solvent  co-intercalation  will  occur.  This  is 
true  e.g.  for  some  sulfur  containing  [5-7]  and  fluorine 
containing  [8]  additives.  Even  "chemical"  pre-filming  by 
reducing  agents  included  in  the  anode  composition  may 
be  considered. 

Filming  of  Li-alloy  anodes  is  slightly  different  from 
filming  of  Li-carbon  anodes  as  the  volume  changes  of  Li- 
alloys  during  cycling  are  much  more  drastic.  Therefore, 
there  is  still  some  irreversible  capacity  even  after 
prolonged  cycling.  Filming  of  nano-structured  multiphase 
lithium  storage  alloy  [9]  does  preferably  occur  by  filming 
of  the  whole  particle  rather  than  by  filming  of  the 
individual  phases  within  the  particle. 
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Novel  Anodes  for  Lithium  Ion  Batteries  „ 


T.  Brousse,  O.  Crosnier,  P.  Fragnaud  and  D.M.  Schleich 

Laboratoire  de  Genie  des  Mat6riaux 
Ecole  polytechnique  de  la  university  de  Nantes 
Nantes,  France 

Carbon  electrodes  have  been  the  anode  material 
of  choice  for  lithium  ion  batteries.  There  has  been  a 
gradual  progression  of  the  carbon  material  used  from  coke 
type  carbons  to  graphitic  type  carbons  in  order  to  increase 
the  reversible  capacity  of  the  electrode.  There  appears  to 
be  a  theoretical  limit  to  capacity  if  one  remains  within  the 
simple  graphite  system  allowing  for  the  formation  of  the 
lithiated  compound  LiC6  (372mAh/g).  One  of  the 
substantial  benefits  of  using  graphite  is  that  even  upon  the 
full  insertion  of  lithium  there  is  a  very  small  volume 
change,  thus  readily  allowing  for  a  large  number  of 
charge/discharge  cycles  of  the  electrode.  Alternative 
anode  systems  have  been  recently  explored  in  order  to 
bypass  the  capacity  of  LiC6.  Initial  efforts  were  put  forth 
by  Fuji  in  the  use  of  various  tin  oxide  compounds  which 
showed  reversible  capacities  far  greater  than  those 
obtained  for  carbon.  However,  these  oxide  materials  all 
exhibited  substantia!  first  cycle  irreversibility. 

A  variety  of  alternatives  to  carbon  anode  have 
been  explored  and  at  this  point  various  problems  still 
remain  that  prevent  the  replacement  of  carbon.  A  series 
of  materials,  including  binary  alloys  and  simple  metals  is 
explored  with  various  concentrations  as  well  different 
binders  and  additives.  The  goals  are  to  control  the 
substantial  expansion  coefficients  upon  the  uptake  of 
lithium  as  well  as  to  prevent  a  large  first  cycle  irreversible 
capacity.  The  irreversible  capacity  can  be  substantially 
limited  by  not  using  oxide  materials  as  the  cathode; 
however  mechanical  problems  associated  with  expansion 
and  contraction  are  still  present  even  if  very  small  particle 
sizes  or  used  for  the  active  component.  We  will  describe 
a  variety  of  materials  and  methods  used  to  optimize  both 
capacity  and  cycle  life  in  alternative  anode  materials. 
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New  Composite  Anode  Systems 
Combined  with  Li2.6Coo.4N 

Y.Takeda  and  J.Yang 

Department  of  Chemistry,  Faculty  of  Engineering,  Mie 
University 

Kamihama-cho,  Tsu,  Mie  514-8507,  Japan 

In  the  efforts  of  making  the  higher  capacities  of 
lithium  secondary  batteries,  various  new  anode  materials 
have  been  proposed.  Among  them,  the  revival  of  Li-alloys 
systems  such  as  Sn,  Sb,  Si  is  especially  noticeable.  The 

Fig.l.  The  first  cycle  profiles  of  different  electrodes. 
Electrode  composition:  (a)  10%  Ni,  10%  PE  and  80% 
SnSb0i4;  (b)  10%  Ni,  10%  PE,  20%  Li26Coo4N  and 
60%  SnSb0.,4;  (c)  12%  Ni,  10%  PE  and  78% 
Li2.6Coo.4N. 

mechanical  and  cycling  stability  can  be  significantly 
improved  by  decreasing  the  particle  size  to  sub-micron  or 
nano  scale.  For  example,  the  sub-micron  size  and  multi¬ 
phase  SnSbx  largely  increased  their  cycling  behavior  [1]. 
Although  these  materials  show  a  good  cycle  life 
performance,  the  serious  disadvantage  for  the  practical  use 
is  the  relatively  high  irreversible  capacity  in  the  first  cycle 
attributed  to  the  formation  of  irreversible  Li  compounds. 

As  the  another  class  of  a  high  capacity  new  anode 
material,  lithium  cobalt  nitride,  Li3.xCoxN  (x=0.4-0.5)  has 
been  studied  [2,3].  Li2.6Coo.4N  shows  a  high  capacity  of 
more  than  700mAh/g  with  good  cycle  performance  (0.7V 
to  Li  on  average).  Matsushita  and  NTT  groups  reported 
the  high  performance  LixCo02/Li2,6Coo4N  battery  system 
[4].  One  difficulty  for  the  practical  use  is  that  the  high 
potential  cathodes  such  as  LiCo02  cannot  be  combined 
because  this  nitride  has  already  contained  the  full  amount 
of  Li  in  the  structure.  However,  if  Li2.6Coo.4N  is  mixed 
with  the  Li-alloy  systems,  it  is  expected  that  reactive 
lithium  in  Li2  6Co0.4N  can  compensate  the  first  irreversible 
capacity. 

Figure  1  shows  the  first  discharge  and  charge  curves  of 
three  types  of  composite  electrodes.  The  cells  were 
constructed  with  Li  counter  electrode  and  organic 
electrolyte  of  1M  LiC104/EC+DEC(l:l).  SnSb0  i4(SnSb  + 
Sn  two  phase  alloy,  <  0.2«  m)-based  electrode  has  a  low 
coulombic  efficiency  (ca.62%).  Its  high  irreversible 
capacity  can  be  entirely  compensated  by  adding 
Li26Coo.4N*  into  the  electrode.  This  is  because  Li-rich 
Li2.6Coo.4N  has  very  low  discharge  capacity 
(ca.IOOmA/g),  but  very  high  charge  capacity 
(ca.900mAh/g)  in  the  first  cycle.  The  first  efficiency  of  the 
SnSbo.  u  and  Li2.eCoo.4N  based  electrode  is  adjustable  by 
controlling  the  ratio  of  SnSbo  ]4  to  Li2.6Co0.4N. 

Figure  2  gives  a  comparison  of  the  cycling  behavior 
between  the  SnSb0  i4  and  the  mixed-host  electrode.  The 
addition  of  Li2.eCoo.4N  can  not  only  compensate  the 
irreversible  capacity  in  the  first  cycle,  but  also  improve 
the  electrode  cyclability.  The  better  cycling  stability  can, 
at  least  in  part,  be  attributed  to  a  small  volume  change  of 
Li26Coo.4N  structure  during  cycling,  which  alleviates  the 
volume  effect  of  the  whole  electrode.  Figure  3  shows 
charge  discharge  profiles  of  a  cell  using  SnSb/Li2  6C00.4N 
composite  anode  and  LiCoo.2Nio.sO2  cathode.  The  cell 
shows  good  performance. 

A  combination  of  the  Li-alloys  with  Li2.6Coo.4N  can 
effectively  compensate  the  first  irreversible  capacity.  This 
offers  a  solution  for  the  similar  problems  for  Sn-  or  Si- 
based  composite  oxides  and  high  capacity  hard  carbons. 
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Figure  1  shows  the  first  discharge  and  charge  curves  of 
three  types  of  composite  electrodes. 


Fig. 2.  The  cycling  behaviors  of  different  electrodes. 
Electrode  composition:  (a)  10%  Ni,  10%  PE,  80% 
SnSb0. 14;  (b)  10%  Ni,  10%  PE,  20%  Li2.6Coo.4N  and 
60%  SnSbo.  14.  Filled  symbols:  Li-insertion,  open 
symbols:  Li-extraction. 


Fig.3.  Charge-discharge  profiles  for  a  cell  using 
SnSbo  i4/Li26Coo4N  composite  anode  and 
LiCoo2Nio.802  cathode.  Current  density:  0.4  mA/cm2. 
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Layered  LiMn02  and  spinel-based  compounds  as 
positive  electrodes  in  rechargeable  batteries: 
structure,  transformation  and  properties 

P.G.  Bruce.  A.R.  Armstrong,  A.D.  Robertson,  M.J. 

Duncan,  A.J.  Fowkes  and  T.E.  Quine 

School  of  Chemistry,  University  of  St.  Andrews,  St. 

Andrews,  Fife,  KY16  9ST \  U.K. 

During  the  last  decade  of  the  twentieth  century 
we  have  witnessed  a  phenomenal  growth  in  the  use  of 
rechargeable  lithium-ion  batteries.  Technologically, 
however,  lithium-ion  cells  are  only  in  the  adolescent 
stages  of  development  thus  during  the  initial  years  of  the 
twenty-first  century  major  advances  will  surely  be  made. 
Amongst  these  will  be  the  exploration  and  exploitation  of 
new  positive  electrode  materials.  In  recent  years  there  has 
been  a  considerable  refocusing  of  interest  on  low  cost, 
low  toxicity  and  safe  compounds  such  as  the  lithium 
manganese  oxides.  Major  advances  have  been  achieved 
in  the  performance  of  lithium  manganese  oxide  spinels  as 
practical  battery  materials.  However  there  remains  a  need 
to  develop  lithium  manganese  oxides  with  higher 
capacities  than  spinel,  while  retaining  low  cost,  low 
toxicity  and  high  degrees  of  safety. 

In  the  search  for  new  lithium  manganese  oxide 
based  positive  electrode  materials,  compounds  based  on 
layered  LiMn02  are  of  interest  (1-8).  Extensive  doping  is 
possible  by  replacing,  in  part,  manganese  by  a  variety  of 
other  ions,  and  research  on  these  materials  is  expanding 
rapidly. 

We  have  prepared  a  range  of  LiMn02  materials 
based  on  the  layered  03  structure  (LiCo02  structure 
type).  These  materials  are  formed  by  first  preparing  the 
sodium  phase  then  ion  exchanging  sodium  by  lithium. 
Rich  variations  in  the  synthesis  conditions  for  these 
materials  are  possible  and  we  have  exploited  this  to 
introduce  subtle  but  important  differences  in  the 
composition  and  structure  of  the  materials  which  result  in 
considerable  variations  in  their  electrochemical 
properties. 

We  have  prepared  a  family  of  Co  doped 
materials  Li(Mni.yCoy)02  and  by  varying  the  ion 
exchange  conditions,  layered  phases  with  different  c/a 
ratios  and  different  electrochemical  performances  can  be 
prepared.  The  materials  convert  to  a  spinel-like  phase  on 
cycling,  however,  the  transformation  becomes  less  facile 
with  increasing  cobalt  content  and  with  lower  ion 
exchange  temperatures.  Such  trends  will  be  discussed  in 
the  paper.  The  doped  materials  can  achieve  stable 
discharge  capacities  of  more  than  190  mAhg'1  on  cycling, 
Fig.  1.  The  performance  is  particularly  promising  at  very 
low  dopant  levels  e.g.  with  only  a  few  per  cent  Co.  Such 
capacities  can  be  obtained  at  rates  of  25  mAg'1.  The 
capacity  drops  by  only  around  10  mAhg’1  on  cycling  at 
rates  of  50  mAg'1.  More  details  concerning  the  synthesis, 
structure  and  electrochemical  performance  of  these  phases 
will  be  presented. 

Li(Mnj.yNiy)02  may  also  be  prepared  and  yields 
slightly  higher  initial  discharge  capacities  than  the  Co 
doped  systems,  achieving  values  of  around  200  mAhg'1 
for  low  levels  of  Ni  doping,  Fig.  1.  Fade  is  slightly 
greater  for  the  nickel  doped  materials  than  those  doped 
with  Co.  The  Ni  doped  compounds  also  convert  to  spinel 
on  cycling,  Fig.  2,  and,  depending  on  the  synthesis 
conditions,  can  exhibit  some  spinel-like  character  in  the 
as-prepared  form.  The  rate  of  conversion  to  spinel  also 
depends  on  the  synthesis  conditions. 


Further  results  on  layered  LiMn02  and  materials 
doped  with  various  ions  will  be  described  along  with  the 
influence  of  synthesis  on  structural  transformations  and 
electrochemical  performance 
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CHARGE-DISCHARGE  PROPERTIES  OF  SPINEL 
OXIDES  AS  THE  CATHODE  FOR  LITHIUM 
SECONDARY  BATTERY 

Masataka  WAKIHARA 

School  of  Applied  Chemistry,  Tokyo  Institute  of  Technology, 
2-12-1  Ookayama,  Meguro-ku,  Tokyo  152-8552,  Japan 

Spinel  compound  LiMn204  has  been  paid  much  attention 
as  the  most  promising  cathode  material  for  4V  lithium  ion 
batteries,  because  of  its  moderate  cost  and  low  toxicity. 
There  are,  however,  certain  problems  to  be  solved  before 
it  can  be  fully  exploited  in  commercial  cells.  Capacity 
fade  upon  repeated  charge/discharge  cycling  has  been 
observed,  especially  at  an  elevated  temperature  which  is 
higher  above  50°C.  The  capacity  fading  is  usually  linked 
to  the  dissolution  of  Mn3+  from  the  spinel  to  organic 
electrolyte1,2*. 

Bittihn  et  al3)  have  mentioned  that  the  partial 
replacement  of  Mn  by  Co  stabilizes  the  spinel  structure. 
In  my  research  group,  we  have  showed  that  among  the 
quaternary  spinel  phases  LiMyMn2.y04  in  which  a  part  of 
Mn  is  replaced  by  Cr,  Co,  Ni,  A1  or  Mg  prepared  by  solid- 
state  reaction4'7*,  the  bonding  energy  of  octahedral  M-0  in 
LiMyMn2.y04  (M=Cr  etc.)  is  stronger  than  that  in  the 
parent  LiMn2045).  The  stability  of  M06  octahedral 
framework  of  the  spinel  leads  to  the  suppression  of  Mn3+ 
dissolution  from  the  M06  and  results  in  the  improvement 
of  the  cyclabilities  at  elevated  temperature.  Here,  it  can  be 
considered  that  there  is  a  correlation  between  Mn 
dissolution  and  capacity  fading,  however,  it  does  not 
mean  the  Mn  dissolution  is  the  only  factor  of  capacity 
fading, 

In  Fig.l,  the  Mn  amount  of  dissolution  from  the 
LiM|/6Mnu/604  is  shown  depending  on  the  cycles.  Co 
substituted  spinel  shows  no  marked  dissolusion  of  Mn 
compared  with  other  spinels. 

In  Table  1,  volume  change  in  various  LixMi/6Mnn/604 
are  summarized  before  and  after  lithiation  at  50°C. 
Li^Coi/6Mnn/604  shows  the  smallest  volume  change 
which  actually  exhibited  better  cycle  performance 
compared  to  other  active  materials  studied  even  at  50°C 
and  is  shown  in  Fig.2. 

From  the  in  situ  XANES  spectra  during  charge,  it 
became  clear  that  only  Mn3+  in  LixMyMn2y04  contributes 
the  energy  capacity.  Diffusion  coefficient  of  lithium  in 
LixMyMn2.y04  increased  with  the  increase  of  the  amount  y 
of  the  substituted  metal  M.  It  seems  that  the  more  stable 
M06  in  the  octahedron  makes  stronger  n-d  bonding  which 
causes  easier  diffusion  of  lithium  in  8a-16c-8a  diffusion 
path. 

In  order  to  increase  the  capacity  of  LixMyMn2.y04,  we 
prepared  the  nonstoichiometric  spinel  oxides  with  defects 
by  controlling  the  partial  pressure  of  oxygen  at  750°C. 
The  slight  increase  of  Mn3+  enhances  the  capacity  of  the 
spinel.  However,  the  capacity  of  the  nonstoichometric 
spinel  oxides  increased  only  slightly  and  there  is  no 
remarkable  cycling  improvement.  There  are  two  possible 
models  for  the  nonstoichiometric  spinel  oxides,  one  is 
simple  oxygen  defect  (Li)8#[Mn2]16dOi.5and  the  other 
metal  excess  model  (Li)g,[Li6/y(4.s)Mn(2.y)6/(4.5)]]M04. 
From  the  data  of  density  measurement,  the  above  metal 
excess  model  rather  than  the  simple  oxygen  defect  model 
was  proposed  as  the  defect  structure. 

Through  these  studies,  LixMyMn2.y04  especially 
LiCo1/6Mn[|/604  is  found  to  be  a  promising  candidate 
cathode  even  at  elevated  temperature  i.e.  above  50°C. 


Table  1  Volume  change  of  various  substituted  spinel 
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Fig.l  The  concentration  of  dissolved  Mn  from  the 
LiMi/6Mnn/604  depending  on  the  cycles 
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Novel  layered  cathode  materials  for 
advanced  lithium  ion  batteries 

B.  Ammundsen,  J.  Desilvestro,  R.  Steiner  &  P.  Pickering 
Pacific  Lithium  Limited,  P.O.  Box  90725,  Auckland, 

New  Zealand 


Current  work  on  cathode  active  materials  for  secondary 
lithium  batteries  is  focussed  on  replacing  LiCo02  with 
less  expensive  manganese  oxides.  Since  spinel-type 
lithium  manganese  oxides  have  relatively  low  practical 
capacities,  lithium  manganese  oxides  with  other 
structures,  such  as  layer-type  LiMn02,  have  been 
increasingly  investigated  in  recent  years  [11.  However 
these  materials,  although  having  relatively  high  reversible 
capacities,  generally  have  insufficient  rate  capability  for 
practical  applications.  Apart  from  spinel  LiMn204  which 
has  tetrahedral  sites  for  Li,  manganese  oxides  also 
intercalate  lithium  at  a  lower  operating  voltage  than 
LiCo02  (ca.  3  V  or  less  vs.  a  Li  metal  anode).  Most 
lithiated  manganese  oxides  furthermore  tend  to  phase- 
transform  to  spinel-type  structures  with  cycling,  and  in 
many  cases  require  complex  preparation  routes  to  obtain 
the  lithiated  oxide. 

We  have  investigated  the  effect  of  incorporating  A1  and 
Cr  into  layered  LiMn02  on  the  capacity,  rate  capability, 
and  stability  of  the  layered  structure  with  cycling  [2,3].  In 
the  case  of  Cr,  even  small  amounts  of  substitution  allow 
LiMn02  with  a  well-crystallised  layer  structure  to  be 
obtained  by  solid  state  reaction.  Cr-stabilised  LiMn02 
compounds  may  also  be  cycled  without  transformation  to 
spinel.  When  cycled  at  moderately  elevated  temperatures 
(e.g.  55  °C)  the  substituted  materials  show  stable 
reversible  capacities  of  up  to  200  mAh/g  at  medium  to 
high  current  rates  (see  Fig.  la).  However  the  capacities  at 
ambient  temperature  and  below  are  considerably  lower, 
highlighting  the  rate  limitation  (Fig.  lb). 


Discharge  capacity  (mAh/g) 


Figures:  Discharge  curves  of  2032  Li  button  cells  at  30, 
75,  150  and  300  mA/g  current  rates  for  a  Cr-stabilised 
LiMn02  at  (a)  55°C  and  (b)  22°C. 


Further  work  has  shown  that  the  rate  capability  of  layered 
Mn  oxides,  and  therefore  the  accessible  capacity  at 
practical  rates,  can  be  significantly  increased  by 
modifying  the  materials  chemistry.  The  modified 
materials  also  show  increased  energy  density  due  to  a 
higher  average  operating  voltage.  Materials  have  been 
prepared  which  can  deliver  in  excess  of  150  mAh/g  at  the 
C/2  rate  and  ambient  temperature  to  a  voltage  cutoff  of 
2.5  V  vs.  Li/Li+,  representing  a  50%  improvement  on 
earlier  work  (as  shown  in  Fig.  lb).  Furthermore  the 
discharge  is  delivered  in  a  smooth  curve  with  an  average 
voltage  of  3.5  V,  which  makes  these  compounds  highly 
attractive  for  application  in  second  generation  lithium 
batteries.  In  this  paper  we  will  address  the  key 
relationships  between  composition  and  structure  which 
underlie  these  improvements  in  electrochemical 
properties. 
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Spinel  LiMn204  is  a  promising  4-V  cathode 
material  for  lithium-ion  batteries  in  the  near  future. 
Although  the  charge/discharge  process  is  largely 
reversible,  repeated  cycling  of  LiMn204  cathodes  results 
in  a  significant  capacity  fade.  Proposed  explanations  for 
this  capacity  fade  include  (1)  instability  of  electrolyte,  (2) 
dissolution  of  Mn  ions,  and  (3)  cooperative  Jahn-Teller 
effect.  In  this  work,  we  prepared  LiMn204  thin  films  by 
pulsed  laser  deposition  (PLD)  as  test  samples  and 
observed  the  morphological  change  of  the  films  by 
electrochemical  STM  to  clarify  the  origin  of  the  capacity 
fade  ofLiMnA  cathodes. 

LAMnA  thin  films  were  prepared  by  PLD  on 
Au  substrates  at  873  K.  A  KrF  excimer  laser  was  used  as 
a  light  source.  Their  electrochemical  properties  were 
examined  by  cyclic  voltammetry  and  galvanostatic 
chargc/di. sc harge  cycling.  In  situ  STM  observation  of  the 
films  was  carried  out  in  1  M  LiC104/PC  using  an  SPI- 
3600  system  (SEIKO  Instruments)  equipped  with  an 
apiezonc  wax-coated  Pt/Ir  tip.  All  measurements  were 
carried  out  at  room  temperature  in  an  argon-filled  glove 
box  (dew  point  less  than  -60°C). 

Spinel  thin  films  with  a  nearly  stoichiometric 
composition  (Li/Mn  =0.5 1  ),J  had  an  initial  discharge 
capacity  of  116  mAh/g,  but  it  decreased  to  109  mAh/g 
after  100  cycles.  Cyclic  voltammetry  (Fig.  1)  showed  two 
couples  of  redox  peaks  at  ca.  3.9  and  4.1  V,  which  are 
characteristic  of  LiMn204  cathodes.  The  peaks,  in 
particular  the  couple  at  ca.  4.1  V,  were  broadened  after 
repeated  cycling.  Figure  2  shows  STM  images  of  the  film 
obtained  at  3.5  V  in  1  M  LiC104/PC  before  and  after 
repeated  cycling  between  3.5  and  4.25  V.  Before  cycling, 
the  surface  consisted  of  grains  of  ca.  400-nm  in  diameter. 
After  20  cycles,  fine  particles  (120-250  nm)  were  formed 
on  the  original  grains.  The  size  of  the  particles  decreased, 
while  the  number  increased  with  repeating  cycling.  The 
observed  round-shaped  particles  suggest  that  they  were 
formed  from  the  solution  during  cycling,  which  may  be 
correlated  with  the  dissolution  of  Mn  ions.  It  is  most 
likely  that  the  particles  were  formed  through  a  kind  of 
dissolution/precipitation  reactions.  To  know  the  effect  of 
potential  on  the  fine-particle  formation,  cyclic 
voltammetry  was  carried  out  separately  between  3.50  and 
4.09  V,  and  between  4.04  and  4.25  V,  and  the  resulting 
STM  images  were  compared.  Fine-particle  formation  was 
more  marked  after  cycled  in  the  high  potential  region  than 
in  the  lower  potential  region. 

Lithium-excess  spinel  thin  films  (Li/Mn  =  0.52) 
were  prepared  by  increasing  the  energy  fluence  of  the 
laser.  Cyclic  voltammograms  of  the  Li-excess  spinel  thin 
film  was  quite  stable,  and  broadening  of  the  peaks  was 
hardly  observed  even  in  the  75th  cycle.  Figure  3  shows 
STM  images  before  and  after  75  potential  cycles  between 
3.50  and  4.36  V.  Before  cycling,  the  surface  consisted  of 
grains  of  ca.  400-nm  in  diameter.  After  75  cycles,  the 
shape  of  the  grains  was  slightly  deformed,  but  no  fine 
particles  appeared  on  the  surface.  The  absence  of  fine- 
particle  formation  would  lead  to  the  stability  of  Li-excess 
spinel. 

As  mentioned  earlier,  the  dissolution  of  Mn-ions 


has  been  proposed  as  the  origin  of  the  capacity  fading; 
however,  the  dissolution  mechanism  does  not  solely 
explain  the  capacity  fade  because  the  capacity  fade  of 
LiMn204  cathode  is  usually  much  larger  than  that 
calculated  from  the  amount  of  dissolved  Mn-ions. 
Because  the  fine  particles  observed  in  the  present  study 
were  mainly  formed  at  potential  higher  than  4  V,  it  is 
reasonable  to  think  that  the  dissolved  Mn-ions  are 
oxidized  at  high  potentials  and  precipitated  on  the 
electrode  surface.  The  reversible  capacity  of  such 
precipitates  is  probably  less  than  that  of  the  original 
spinel,  which  explains  the  discrepancy  mentioned  above. 
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Fig.  1.  Cyclic  voltammograms  of  LiMn204  thin  film/Au 
electrode  (0. 1 9  cm2)  in  1  M  LiC104/PC.  Scan  rate  was  1 
mV/s. 


(a)  (b) 


Fig.  2.  STM  images  (2x2  (im)  of  LiMn 204  thin  film  (a) 
before  and  (b)  after  20  potential  cycles  in  the  range  3.50 
to  4.25  V  in  1  M  LiClO^C. 

(a)  <b) 


Fig.  3.  STM  images  (2x2  (im)  of  Lil  wMnA  thin  film 
(a)  before  and  (b)  after  75  potential  cycles  in  the  range 
3.50  to  4.36  V  in  1  M  LiClO^C. 
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Effects  of  cationic  disorder  and  defects  on  the 
structural  behaviour  of  the  Lix(M,L)02  (IVf  =  Ni,  Co) 
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The  electrochemical  behaviour  of  layered  oxides  in 
lithium  batteries  is  very  sensitive  to  the  existence  of 
reversible  or  irreversible  phase  transitions.  The  behaviour 
of  Lix(M,L)02  (M  =  Ni,  Co)  derivatives  is  considered  in 
this  paper  from  a  general  point  of  view.  The  Lix.zNii+z02 
system  has  been  intensively  investigated  has  a  result  of 
the  difficulty  to  obtain  a  material  close  to  the  ideal 
stoichiometry  and  exhibiting  good  electrochemical 
properties.  Moreover,  the  strong  fading  upon  cycling  and 
the  thermal  unstability  on  the  lithium  deintercalated 
phases  have  induced  a  considerable  number  of  studies  on 
substituted  materials.  On  the  contrary,  due  to  the  facility 
to  obtain  electrochemically  active  LiCo02,  the  number  of 
studies  devoted  to  the  derivatives  of  this  material  is 
comparatively  limited. 

In  the  LivzNii+z02  system  the  phase  transitions 
appear  only  for  small  departure  from  the  ideal 
stoichiometry,  they  are  due  to  the  formation  of 
lithium/vacancy  ordering.  The  presence  of  a  significant 
amount  of  extra-nickel  ions  (5  to  7  %)  prevents  from  the 
ordering  and  in  this  case  there  is  no  structural  transition. 
Cationic  substitution  in  the  nickel  plane  tends  also  to 
prevent  the  formation  of  superstructure  in  the  lithium 
plane.  In  the  case  of  2D  structure  like  Li(Nii.yCoy)02  a 
significant  substitution  rate  is  required  to  inhibit  the 
monoclinic  distortion.  When  the  cationic  substitutions  (or 
the  condition  syntheses)  lead  to  the  presence  of  a  non 
negligible  amount  of  extra-cations  in  the  lithium  plane  the 
ordering  can  be  killed  even  for  low  substitution  rate. 

A  more  complicated  behaviour  can  occur  if 
irreversible  cationic  redistributions  occur  during  the 
lithium  deintercalation/reintercalation  process.  In  the  case 
of  the  Liw(Nii_yMgy)1+z02  system  almost  ideal  2D 
structure  are  observed  for  y<0.1.  During  lithium 
deintercalation  an  irreversible  magnesium  migration  from 
the  nickel  layer  to  the  lithium  one  occurs.  In  this  case 
there  is  no  structural  transition  upon  lithium 
deintercalation  even  for  y  =  0.05. 

When  almost  all  lithium  ions  are  removed  from 
LiCo02,  Amatucci  and  Tarascon  have  observed  an 
reversible  transition  to  the  Cdl2  type  structure.  The 
behaviour  of  Ni02  or  its  derivatives  is  much  more 
complicated.  For  the  ideal  material  without  nickel  in  the 
lithium  site,  the  ABAB  packing  is  expected.  In  fact  there 
are  always  AB  CA  type  stacking  faults  due  to  the 
presence  of  remaining  extra-nickel  ions  in  the  Van  der 
Walls  gap.  For  the  Nii.o702  composition  the  amount  of 
extra-nickel  ions  is  enough  high  to  destabilise  the  ABAB 
packing,  therefore  the  ABCABC  one  is  preserved. 

In  the  last  step  of  the  lithium  deintercalation  in  the 
Li*Nij.02O2  system  a  large  two  phase  domain  is  observed 
between  x  =  0.30  and  x  =  £’.  Both  phases  exhibit  the 
ABCABC  oxygen  packing,  the  most  deintercalated  one 
has  a  very  reduced  c  parameter,  as  previously  mentioned 
by  Dahn,  Ohzuku,  Arai  and  Amatucci.  When  most  of  the 
lithium  ions  have  been  deintercalated  the  interslab  space 
collapse;  when  the  last  lithium  ions  are  deintercalated  a 


structural  gliding  occurs  to  screen  the  orbital  interaction 
throw  the  empty  Van  der  Waals  gap  leading  to  the  ABAB 
oxygen  packing.  One  can  assume  that  the  existence  of  the 
large  two  phase  domain  results  from  the  destabilisation  of 
large  Ni3+  ions  in  the  Ni02  slabs  (where  Ni4+  are 
prevalent)  for  the  UxNi!i02O2  (x  <  0.30)  composition.  One 
can  assume  from  the  electronic  configuration  that  in  these 
materials  the  electrons  are  localised.  On  the  contrary  in 
the  homologous  cobalt  system  which  exhibits  metallic 
properties  such  a  destabilisation  is  not  expected.  Recently, 
Van  der  Ven  and  Ceder  have  shown  from  first  principle 
calculations  the  theoretical  presence  of  an  intermediate 
phase  for  the  Lio.isCo02  composition  with  an  ordered 
succession  of  he  and  fee  packings.  A  material  very  close 
to  this  ideal  one  but  with  stacking  faults  has  been  recently 
obtained  in  our  laboratory. 

In  the  LixCo02  system,  XRD  characterisation, 
electronic  property  and  NMR  studies  show  that  the 
two-phase  domain  observed  in  the  0.75-0.94  range  results 
from  the  existence  of  an  insulator-metal  transition  in  good 
agreement  with  theoretical  calculation  performed  by 
Ceder’s  group.  The  very  slight  monoclinic  distortion 
observed  for  the  Lim  i/2Co02  composition  has  been 
related  by  Dahn  and  Reimers  to  a  lithium/vacancy 
ordering.  If  the  Li/Co  ratio  is  larger  than  1  in  the  starting 
lithium  cobalt  oxide,  localised  structural  defects  are 
formed.  The  NMR  study  shows  unambiguously  the 
presence  of  low  spin  divalent  cobalt  in  the  structure.  The 
compilation  of  X-ray  diffraction,  neutron  diffraction,  7Li 
MAS  NMR  data  and  chemical  analyses  leads  to  conclude 
to  the  simultaneous  presence  of  cobalt  and  oxygen 
vacancies  in  the  layered  structure.  During  lithium 
deintercalation  from  this  material  the  potential  plateau  and 
the  monoclinic  distortion  (Li0.5oCo02  composition)  have 
disappeared.  The  X-ray  diffraction  study  of  deintercalated 
materials  shows  the  existence  of  a  solid  solution  in  the 
whole  domain  while  the  7Li  MAS  NMR  shows  the 
continuous  formation  of  metallic  domains.  All  these  data 
shows  that  the  presence  of  localised  structural  defects 
prevent  from  the  demixion  reaction  which  in  ideal 
LixCo02  requires  only  electrons  and  lithium  ions 
displacement.  A  very  similar  behaviour  occurs  in  the 
Lix(Coo.97Ni0.o3)02  system.  If  the  pristine  phase  exhibits  a 
Li/(Co  +  Ni)  ratio  equal  to  one,  the  two  phase  domain  has 
disappeared  while  the  monoclinic  distortion  remains  upon 
lithium  deintercalation.  On  the  contrary,  for  material  with 
lithium  in  excess  both  features  have  disappeared.  The 
very  small  amount  of  nickel  in  the  cobalt  site  is  sufficient 
to  inhibit  the  demixion  reaction  but  not  the  lithium 
vacancy  ordering. 
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Through  its  flat  voltage  curve  at  3.5V  vs.  Lt/Li+, 
theoretical  capacity  of  ca.  I70mAh/g,  good  cyclability  and, 
above  all,  its  potential  cheapness,  LiFeP04  has  quickly 
emerged  as  a  highly  viable  candidate  cathode  material  for 
HV-battery  applications  [1],  Under  charging,  it  passes  from 
the  structure  of  the  mineral  triphylite  (LiFeP04)  to  that  of 
the  mineral  heterosite  (FeP04);  both  materials  have  the 
olivine-type  structure:  orthorhombic  -  Pnma.  It  has  been 
found  that  0.6-0. 7  Li+  ions  can  readily  be  removed  and 
reinserted  and,  indeed,  even  larger  amounts  of  lithium  are 
suggested  to  be  cyclable  using  smaller  particle-sizes  [2]. 
More  recently,  it  has  been  shown  that  higher  capacities  can 
also  be  achieved  at  somewhat  elevated  temperatures  [3]; 
moreover,  as  high  as  95-100%  utilisation  has  been  claimed 
through  the  use  of  ”a  new  synthetic  technique”  [4], 

This  would  all  suggest  that  efficient  commercial 
exploitation  of  LiFeP04  as  a  battery  cathode  material 
requires  a  solid  understanding  of  the  factors  controlling 
(especially  first-cycle)  capacity  loss.  To  this  end,  we  have 
here  followed  the  first-cycle  delithiation-relithiation  process 
in  a  series  of  ”coffee-bag”  cells  of  type  <  LiFeP04  I  liq.  el.  I 
Li-metal  >  (where  the  liquid  electrolyte  used  is  1  M  LiBF4 
in  EC:DMC  2:1),  by  a  combination  of  electrochemical 
cycling,  in  situ  powder  XRD  and  ND,  and  Mossbauer 
spectroscopy  [5].  Excellent  internal  consistency  has  been 
obtained  in  observing  a  ca.  20%  first-cycle  capacity  loss 
from  each  of  these  techniques.  A  careful  analysis  of  these 
data  is  currently  underway  to  distinguish  intrinsic  material 
properties  from  particle-size  effects  and  from  other  battery¬ 
engineering  features. 
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Along  with  the  identification  of  alternative  cathode 
materials  operating  on  the  Ti4+/Ti3+,  Fe3+/Fe2+,  V4+/V3+  or 
V3+/V2+  redox  couples,  investigation  of  polyanionic 
structures  recently  allowed  a  systematic  tuning  of 
transition-metal  redox  energies  through  the  inductive  effect. 
The  effect  of  the  nature  of  the  polyanion  (X04n‘  ;  X  =  Mo, 
W,  S,  P,  As)  and  of  the  crystal  structure  on  the  energy  level 
of  the  Mn+/M(n'l)+  redox  couples  was  shown  to  be 
particularly  important  [1-10]. 

Compounds  such  as  LiFeP04,  Li3M2(P04)3  (M  =  Fe,  V), 
VOP04l  LiMP207  (M  =  Fe,  V),  Fe4(P207)3,  Fe3P07,  FeP04, 
LiFeAs207  and  FeAs04  show  very  distinct  electrochemical 
behavior  at  redox  potentials  between  2.0  and  3.8  V  vs. 
Li+/Li.  A  review  on  how  the  MOx  polyhedra  are  linked  to 
each  other  via  P04  tetrahedra  in  these  framework  structures 
will  be  presented. 

Special  attention  will  be  given  to  the  description  of 
Li3M2(P04)3  (M  =  Fe,  V)  compositions  that  may  adopt  two 
distinct  crystallographic  forms,  denoted  "A-LMP" 
(monoclinic,  P2j/n)  and  "B-LMP"  (rhombohedral  R-3) 
which  differ  in  the  way  the  M2(P04)3  "lantern-units"  are 
connected.  They  illustrate  in  particular  the  great 
adaptability  of  the  NASICON  framework  [M2(P04)3]. 
towards  various  alkali  cation  contents:  Li  insertion  into 
Li3Fe2(P04)3  to  give  Li5Fe2(P04)3  occurs  at  an  average 
potential  of  2.8  V  vs.  Li+/Li  while  Li  extraction  from 
Li3V2(P04)3  to  give  LiV2(P04)3  occurs  at  an  average 
potential  of  3.7  V  vs.  Li+/Li.  A  precise  investigation  of 
these  materials  by  means  of  temperature-controlled 
synchrotron  X-ray  and  neutron  diffraction  was  undertaken. 
We  will  concentrate  here  on  the  order-disorder  transitions 
observed  on  heating  NASICON  B-Na3M2(P04)3  (M  =  Fe, 
V)  and  on  the  crystal  structure  of  the  lithium  analog 
B-Li3Fe2(P04)3. 


2*0 

Fig.  1 :  XRD  Pattern  (CuK,*)  of  cc-Na3Fe2(P04)3 .  Stars  refer  to  the 
most  intense  superstructure  reflections. 

The  NASICON  framework  of  Na3M2(P04)3  (M  =  Fe,  V) 
exhibits  long-range  sodium  ordering  at  room  temperature 


that  induces  slight  monoclinic  distortions  and  characteristic 
superstructure  reflections  in  the  XRD  pattern  (Fig.  1).  The 
supercell  of  the  vanadium  phase,  which  is  not  identical  to 
the  iron  analogue,  disappears  on  heating  above  220°C, 
where  the  global  symmetry  becomes  rhombohedral.  An 
alkali  transfer  from  the  Na(l)  to  the  Na(2)  crystallographic 
site  upon  heating  Na3Fe2(P04)3  between  room  temperature 
and  200°C  occurs  [11].  It  has  a  peculiar  effect  on 
framework  relaxations  due  to  an  increase  of  electrostatic 
repulsions  between  adjacent  Fe06  faces  along  [001]. 


[001) 


Fig.  2  :  Crystal  structure  of  Li3Fe2(P04)3.  Projection  along  [1 10]. 

The  crystal  structure  of  rhombohedral  Li3Fe2(P04)3 
obtained  through  ion  exchange  from  the  sodium  analog 
Na3Fe2(P04)3  was  recently  determined  [11]  from  neutron 
diffraction.  It  displays  an  unusual  lithium-ion  distribution 
as  the  replacement  of  Na+  by  Li+  removes  the  alkali  cation 
ordering  on  the  M(l)  and  M(2)  sites  of  the  NASICON 
interstitial  space.  These  two  crystallographic  sites  are 
empty  in  Li3Fe2(P04)3,  and  Li  occupies  a  new,  single 
intermediate  position  between  M(l)  and  M(2).  The 
coordination  of  Li  in  Li3Fe2(P04)3  is  then  found  to  be  4. 
This  new  distribution  gives  rise  to  an  important  increase  of 
the  c  lattice  parameter  that  can  be  explained  by  the  absence 
of  alkali  cations  in  the  M(l)  site.  Evacuation  of  this  site 
which  is  located  halfway  between  two  Fe06  octahedra 
along  [001],  results  in  stronger  0-0  repulsions  between 
adjacent  octahedral  faces. 


Fig.  3  :  Li60lg  rings  surrounding  the  Fe(2)  (left)  and  Fe(l)  (right) 
sites  of  the  rhombohedral  Li3Fe2(P04)3.. 
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Lithium  secondary  batteries,  commercially  available  since 
the  early  nineties  in  Japan,  are  going  to  be  more  and  more 
important  for  portable  electronic  devices  and  even  EV 
applications.  The  electrolytes  under  discussion  are 
mixtures  of  aprotic  organic  solvents  and  conducting  salts. 

Among  the  conducting  salts  Lithiumhexafluorophosphate 
is  the  most  commonly  used  one  in  high-energy  lithium- 
ion  batteries.  Nevertheless,  its  low  thermal  and  chemical 
stability  and  its  sensitivity  towards  hydrolysis  restrict  its 
use,  especially  if  one  keeps  in  mind  larger  lithium  ion 
batteries, 

It  is  commonly  accepted  that  the  problems  with  the  use  of 
LiPF6  in  lithium  batteries  result  from  the  ease  of  breaking 
the  P-F  bond  and  the  high  heat  of  linkage  of  LiF.  On  one 
hand  this  leads  to  a  formation  of  PF5  and  F  at  higher 
temperatures  and  on  the  other  hand  this  is  the  reason  for 
the  sensitivity  of  LiPF6  towards  hydrolysis. 

With  this  in  mind,  our  recent  work  suggests  that  the 
substitution  of  one  or  more  fluorine  atoms  of  LiPF6  with 
electron  withdrawing  perfluorinated  alkyl  chains  should 
lead  to  stabilised  P-F  bonds  and  therefore  to 

>  a  very  low  (ideal  case:  none)  sensitivity  towards 
hydrolysis,  due  to  the  steric  shielding  of  the 
phosphorus  through  the  hydrophobic  perfluorinated 
alkyl  chains, 

>  a  conductivity  comparable  to  LiPF6,  due  to  the  strong 
electron  withdrawing  effect  of  the  perfluorinated 
alkyl  chains  that  leads  to  a  weak  association  of  the 
anion  and  the  lithium  cation  and, 

>  as  a  result  of  both  mentioned  effects  to  an  improved 
thermal  stability  of  the  corresponding  lithium  salt. 

The  presentation  will  focus  on  the  synthesis,  chemical  and 
electrochemical  properties  of  some  of  these  derivatives 
and  discuss  the  application  in  high-energy  lithium 
batteries. 

References: 

Lithium  Fluorophosphates  and  their  Use  as  Conducting 
Salts;DE  19641  138, W098/155562 
Electrochemical  Synthesis  of 
Perfluoroalkylphosphoranes;  DE  198  466  36 


Typical  structure  of  the  synthesised 
Lithium  Fluoralkylphosphates 
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Introduction 

The  major  focus  of  the  research  discussed  in  this  paper 
concerns  the  low  temperature  behavior  of  a  carbon  anode 
typically  found  in  Li-ion  rechargeable  cells.  Our 
objectives  are  to  provide  insight  into  the  limiting  factors 
which  effect  cell  performance  over  the  temperature  range 
from  ambient  to  -40°C.  As  is  well  known,  both  the  nature 
of  the  electrolyte  solution  and  the  properties  of  the  SEI 
(the  Solid  Electrolyte  Interface)  are  key  problem  areas  for 
operation  below  20°C.  Recent  results  addressing  these  key 
areas  are  the  bases  for  the  present  research. 

The  first  part  of  our  presentation  deals  with  new  advances 
in  the  area  of  electrolyte  solutions.  Details  on  the 
conductivities  as  a  function  of  temperature  for  new 
ternary  solvent  mixtures  containing  methylpropyl 
carbonate  (MPC)  with  LiPF6  and  LiC(S02CF3)3 
electrolytes  will  be  reported  in  our  full  presentation.  Our 
studies  include  conductivity  measurements  down  to  -50°C 
and  improved  SEI  formation  on  graphite  anodes. 

The  second  part  of  our  presentation  deals  with  capacity 
retention  and  rate  as  a  function  of  temperature  as  these 
relate  to  the  properties  of  the  SEI.  We  present  data 
confirming  that  a  major  problem  is  related  to  metallic  Li 
deposition  at  temperature  <  30°C  which  is  strongly 
dependent  upon  the  charging  rate  of  carbon  materials.  Our 
results  show  that  when  deposition  of  metallic  Li  occurs, 
the  newly  formed  mossy  deposit  of  Li  quickly  reacts  with 
the  electrolyte  solution.  Besides  depleting  available  Li+ 
for  subsequent  cycling,  the  increase  in  resistivity  of  the 
SEI  results  in  a  large  IR  drop  which  limits  the  available 
capacity  when  the  cell  discharge  and  charge  voltage  limits 
are  reached  (normally  between  0.01  V  and  4.15  V).  A 
brief  review  of  our  studies  is  presented  below. 

Experimental 

To  determine  the  temperature  effect  on  MCMB  2825 
anode  material,  two  electrochemical  cells  were  employed. 
The  first  is  a  Li-ion  cell  represented  by 

MCMB  I  PVDF-based  electrolyte  I  LiCo02  [1] 

A  Li  reference  electrolyte  was  used  in  these  cells.  The 
second  is  a  "half-cell"  designed  to  study  the  intercalation 
and  deintercalation  properties  of  MCMB  represented  by 

Li (s)  I  PVDF-based  electrolyte  I  MCMB  [2] 

The  electrolyte  used  in  these  experiments  was  1  mol  dm'3 
LiPF6  in  an  EC:EMC  mixture  (1:3  v/o)  incorporated  in  a 
PVDF  membrane.  Type  [1]  cells  were  charged  at  constant 
current  (0.25  mA/cm2)  to  4.15  V  and  then  at  constant 
potential  to  a  cutoff  current  of  0.025  mA/cm2.  It  was 
discharged  at  0.25  mA  cm2  to  a  cutoff  of  3.0  V  at  25°C, 
and  2.5  V  at  low  temperatures.  Type  [2]  cells  were 
discharged  (i.e.  Li  intercalation)  at  constant  current  (0.25 
mA/cm2)  to  0.01  V  followed  by  constant  potential  to  a 
current  cutoff  of  0.025  mA/cm2.  All  cells  were 
preconditioned  by  cycling  three  times  at  25°C  at  which 
point  we  obtained  essentially  100  %  efficiency  based  on 
270  mAh/g  for  MCMB.  Figure  1  shows  the  3rd  cycle 


potentials  for  cell  [1]  charged  and  discharged  at  25°C. 
Figure  2  shows  the  14th  cycle  for  this  cell  charged  and 
discharged  at  -30°C.  The  major  feature  revealed  from 
these  results  is  the  deposition  of  metallic  Li  at  -30°C.  The 
charging  potential  of  the  cell  cycled  at  25°C  does  reach  0 
V  vs.  Li/Li+,  and  some  deposition  of  metallic  Li  probably 
occurs  even  for  room  temperature  charging.  The  problem 
of  Li  deposition  at  low  temperatures  is  very  severe.  Fig.  3 
shows  the  charging  (deintercalation)  of  the  half  cell  [2]  at 
-20°C,  -30°C  and  -40°C.  Charging  was  initiated  at  0.01  V, 
and  the  cutoff  voltage  was  1.5  V.  A  major  feature 
revealed  in  Fig.  3  is  the  large  IR  drop  at  -40°C  due  to  a 
combination  of  solution  resistivity  and  SEI  resistivity. 
Note  that  we  obtained  an  efficiency  of  close  to  120  %  for 
the  -20°C  and  -30°C  charging  which  is  due  to  the  excess 
plating  of  Li  during  discharge  (e.g.  see  Fig.  2). 


time  /  min 


time  /  min 


Conclusions 

Recently  developed  electrolyte  solutions  which  possess 
high  conductivities  of  the  order  of  10'3  S/cm  at  -40°C 
based  on  ternary  mixtures  containing  MPC  as  one 
component  show  improved  SEI  stability  at  room 
temperatures.  However,  capacity  retention  after  cycling 
at  temperatures  <  -30°C  remains  a  problem  due  to 
deposition  of  metallic  Li  and  its  subsequent  effect  on  the 
SEI.  Additional  data  and  discussion  will  be  presented  in 
our  full  paper. 
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The  SEI  on  both  lithium  and  carbonaceous 
electrodes  consists  of  many  different 
materials  including  LiF,  Li2C03,  LiC02-R, 
Li20,  lithium  alkoxides  and  according  to 
some  researchers,  nonconductive  polymers 
as  well.  We  previously  suggested  that  these 
materials  form  simultaneously  and 
precipitate  on  the  electrode  as  a  mosaic  of 
microphases.  Many  reports  based  on  FTIR 
measurements  failed  to  detect  polymers  in 
the  SEI.  Graphite  is  a  major  anode  material 
in  the  lithium-ion  battery  industry.  The  SEI 
functions  differently  on  the  different  planes 
of  graphite  particles:  on  the  basal  plane,  it  is 
enough  to  have  an  electronic  non-conducting 
film,  while  on  the  cross  section  (zigzag  and 
armchair  planes)  it  must  also  be  a  good 
lithium  ion  conductor.  These  different  tasks 
entail  differences  in  composition.  Therefore 
it  is  important  to  study  separately  the 
composition  and  properties  of  the  SEI  on 
these  two  planes  (basal  and  cross  section). 
The  goal  of  this  work  was  to  provide,  with 
the  use  of  TOF  SIMS  and  XPS  techniques, 
details  of  the  microphase  morphology  of  the 
SEI  and  evidence  for  the  existence  of 
polymers  in  the  SEI  formed  on  HOPG  in 
LiPF6  -  EC,  DEC  solutions.  The  lateral 
distribution  of  SEI  materials  was  determined 
for  the  first  time  (at  submicron  lateral 
resolution)  with  the  use  of  TOF  SIMS.  The 
SEI  on  the  HOPG  can  be  described  as 
nonhomogeneous.  The  SEI  on  the  cross- 
section  is  dominated  by  Li+  and  F  regions 
ranging  in  size  from  0.5  (or  less)  to  several 
dozen  microns..  The  distributions  of  C2H 
(and  other  CxHy  -based  fragments),  O, 
C2H302  (59),  and  C2H30  (43),  show  full 
coverage  and  are  fairly  homogeneous  . 

There  is  an  overlap  of  Li+  and  F  images 
with  those  of  the  organic  species  indicating 
an  intimate  mixture  of  these  species  at  the 
submicron  level.  The  SEI  on  the  basal_plane 
is  dominated  by  organic  materials  (some 
contain  oxygen,  C2H30  has  the  highest 
contribution)  and  shows  that  Li+  and  F  are 
concentrated  in  large  regions  (100  microns), 
with  some  smaller  micron  (or  submicron) 
sized  particles.  There  is  little  or  no 
correlation  with  graphite  topography.  Here 
also,  C2H  (and  other  CxHy  based  fragments) 


,  O,  C2H302  (59),  and  C2H30  (43)  show  full 
coverage  and  are  fairly  homogeneous .  No 
carbonates  were  found  by  XPS 
measurements  on  the  cross  section  and  the 
Li/F  ratio  is  close  to  one  (13).  Thus  most 
oxygen  species  are  bonded  to  polymers. 
These  measurements  provide  also  direct 
evidence  for  the  existence  of  polymers 
(or  insoluble  long  oligomers)  in  the  SEI, 
a  (CH2)n  sequence  was  proved  .  The 
polymer  content  of  the  SEI  is  an 
important  issue.  On  the  one  hand,  they 
can  add  flexibility  to  the  SEI,  but  on  the 
other  they  block  lithium  migration  and 
cause  uneven  current  distribution.  At 
elevated  temperatures,  polymers  and 
other  organics  (such  as  alkylcarbonates) 
may  dissolve,  leaving  voids  in  the  SEI 
and  this  can  trigger  thermal  runaway. 
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Introduction 

Both  hard  (non-graphitizable)  and  soft  (graphitizable) 
carbonaceous  materials  are  used  in  Li-ion  cells.  Electrolyte 
decomposition  and  the  formation  of  a  solid  electrolyte 
interface  (SEI)  layer  occur  on  the  carbon  surface  during  the 
first  few  charge/discharge  cycles.  Ideally,  this  so-called 
SEI  layer  should  form  a  passivating  layer  which  is 
sufficiently  compact  to  prevent  the  penetration  of 
electrolyte  and  solvated  Li  compounds  that  contribute  to 
irreversible  capacity  loss  and  possible  exfoliation  of  the 
graphite  structure.  At  the  same  time,  the  SEI  layer  should 
be  sufficiently  ionically  conductive  to  permit  reversible 
intercalation/deintercalation  of  Li+  ions  at  suitable  rates. 
Even  though  various  electrochemical,  spectroscopic  and 
surface  analytical  techniques  have  been  used  to  study  the 
formation  and  growth  of  SEI  layers,  our  understanding  of 
the  relationships  between  the  SEI  layers,  electrodes, 
electrolytes  and  experimental  conditions  are  quite  limited. 
This  paper  describes  our  approach  to  characterize  the 
formation  of  SEI  layers  on  various  carbonaceous  materials 
by  in  situ  ellipsometry  and  other  techniques.  This 
investigation  extends  a  preliminary  study  of  SEI  layer 
formation  on  pyrolyzed  photoresist  (1). 


Experimental 

Five  types  of  carbon  samples  were  used:  (i)  electron-beam 
evaporated  carbon  film  on  glass  (Tufts  University),  (ii) 
carbon  film  on  glass  (International  Crystal  Manufacturing 
Co.),  (iii)  highly  oriented  pyrolytic  graphite  (HOPG, 
Advanced  Ceramics  Corp.),  (iv)  natural  graphite  powder 
(HydroQuebec)  and  (v)  pyrolyzed  carbon  films  on  silicon 
wafer  produced  in  the  Microfabrication  Facility  in  the 
Electronics  Research  Laboratory  on  the  campus  of  the 
University  of  California  at  Berkeley  (2).  The  carbon 
sample  surfaces  were  specular,  except  for  the  natural 
graphite  powders.  In  this  case,  the  powder  was  compressed 
in  a  die  at  high  pressures  (-50,000  psi)  to  form  a  thin  disk 
with  a  smooth  surface.  The  physicochemical  properties  of 
the  carbon  materials  were  characterized  by  Raman 
spectroscopy,  atomic  force  microscopy  (AFM)  and 
spectroscopic  ellipsometry. 

A  special  test  cell  for  in  situ  ellipsometry/electrochemical 
studies  of  carbon  anodes  in  non-aqueous  electrolytes  was 
constructed.  The  polypropylene-body  cell  was  designed 
with  a  prismatic  shape  and  openings  for  two  optical 
windows,  a  working  electrode,  a  counter  electrode,  and  a 
reference  electrode.  The  ellipsometric  parameters  'k  and  A 
were  measured  as  the  carbon  electrode  was  scanned  from 
its  open-circuit  potential  (-3.0  V)  to  0  V  and  then  back  to 
3.5  V  at  1-5  mV/s.  The  electrolyte  was  typically  1  M 
LiPFg/ethylene  carbonate  (EC)-dimethyl  carbonate  (DMC) 
(1:1)  obtained  from  EM  Industries  Inc.  (Selectipur  Battery 
Electrolyte  LP30)  with  a  nominal  water  content  <30  ppm. 
In  some  experiments  with  HOPG  and  the  carbon  films,  1 
M  LiC104/EC-DMC  (1:1)  was  also  used. 


Results  and  Discussion 

Raman  spectroscopy  showed  that  the  carbons  films 
deposited  on  glass  contain  broad  overlapping  peaks  from 
900  cm'1  to  1700  cm'1,  which  is  indicative  of  the  highly 
disordered  nature  of  the  carbon  films.  The  other  carbon 
samples  showed  two  distinct  Raman  peaks  in  the  vicinity 
of  1600  cm'1  and  1350  cm"1,  corresponding  to  the  G  band 
and  D  band,  respectively.  In  addition,  the  carbon  obtained 
from  pyrolyzed  photoresist  showed  evidence  for  a  peak  at 
1620  cm'1  attributed  to  the  D'  band.  Further  analyses  of  the 
Raman  spectra  are  underway  to  observe  changes  to  the 
microstructure  following  charge/discharge  cycling. 

Ellipsometric  parameters  were  measured  with  all  of  the 
carbon  samples  in  air  prior  to  the  electrochemical 
experiments.  The  in  situ  experiments  with  the  natural 
graphite  disk  were  not  successful  because  it  swelled  or 
mechanically  disintegrated  when  the  potential  was  scanned 
from  open  circuit  to  0  V.  Changes  in  the  ellipsometric 
parameters  were  observed  during  the  in  situ  experiments 
with  the  other  carbon  samples.  The  parameters  SK  and  A 
changed  when  the  SEI  layer  was  formed  during  the  initial 
charge  (intercalation).  The  potential  at  which  the 
parameters  changed,  and  the  magnitude  of  the  change, 
varied  with  the  carbon  sample.  For  example,  T  and  A 
increased  by  -3*  and  -10*  ,  respectively,  when  the 
potential  of  the  pyrolyzed  carbon  film  (produced  at 
1 100*  C)  reached  about  1.5  V.  On  HOPG  with 
predominantly  of  basal  plane  surface,  HK  and  A  also 
exhibited  sharp  change  but  at  a  more  cathodic  potential  of 
about  0.4  V.  Optical  modeling  of  observed  data  indicated 
that  changes  in  ¥  and  A  reflect  the  changes  of  the  surface 
layer  compactness  and  its  apparent  absorption.  In 
conclusion,  in  situ  ellipsometry  provides  a  sensitive 
technique  to  observe  SEI  layer  formation  and  growth 
during  charge/discharge  cycling.  When  these  studies  are 
complemented  by  other  analytical  measurements, 
important  information  on  the  properties  of  the  SEI  layer 
can  be  obtained. 
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Volta's  invention  of  the  "pile"  has  ushered,  at  an 
unprecedented  rate,  an  era  of  discoveries  both  in 
chemistry  and  physics  throughout  the  two  following 
centuries.  Yet,  at  a  time  when  all  indicators  point  at  a 
complete  fraying  of  the  planet  ecosystem,  the  world 
seems  unable  to  cope,  both  in  terms  of  technology  and 
policy,  with  one  of  the  principal  culprit,  the  wasteful 
ICE  transportation  system.  History  will  decide  whether 
the  refusal  by  the  most  conspicuous  plunderer  of  earth 
resources  to  ratify  the  Kyoto  agreement  is  sheer  greed 
through  lobbying  or  mere  short-sightedness.  The  well 
orchestrated  enthusiasm  -and  bullish  stock  values  -  for 
fuel  cells  and  without  minimising  the  rapid  progresses 
made  in  this  field,  still  leaves  this  system  remote  from  a 
practical  and  economical  application.  It  is  tempting  to 
see  this  as  a  semi-scientific  strategy  to  buy  time. 

One  cannot  contend  that  EVs  will  be  the  ultimate 
solution  to  tailpipe  poisons  or  oil  slicks,  but  it  could 
certainly  contribute  to  a  change  in  attitude  towards 
power  and  speed,  which  are  addictive.  An  all-electric 
vehicle  or  a  hybrid  has  never  been  technically  so  close 
to  a  feasible  product  and  the  principles  set  forth  two 
decades  ago  still  hold. 

Advanced  electrochemical  systems  differ  from  the 
original  devices  in  two  respects  -  i)  technological: 
systems  are  thinner,  particles  smaller  which  is 
favourable  to  all  the  parameters  imposed  by  kinetics 
(conductivity,  diffusion)-  ii)  chemical:  extreme 
operating  voltages  are  sought,  well  beyond  the 
thermodynamic  compatibility  of  components,  placing 
the  emphasis  on  metastability  and  surface  science. 

Besides  the  special  case  of  hydrogen,  the  electropositive 
light  elements  that  can  be  plated  in  non-aqueous  systems 
are  lithium,  sodium  to  some  extend  and  aluminium.  For 
the  latter,  the  justified  temptation  to  use  this  element  in 
batteries  has  not  progressed,  without  any  practical 
positive  electrode  material  applicable  in  the  chemically 
aggressive  electrolytes.  Sodium  falls  in  the  same 
category  as  lithium:  a  neutral  electrochemistry  where 
intercalation  is  the  main  path  through  any  solid-state 
redox  reaction.  However,  the  much  wider  choice  and 
stoichiometry  range  of  intercalation  or  inter¬ 
calation/displacement  reactions  for  the  smaller  Li+  ion 
has  practically  shifted  all  activity  towards  this  element. 


was  initially  seen  as  a  response  to  electrode  volume 
change  and  ease  of  thin  film  processing.  An  added 
benefit,  whose  importance  is  becoming  a  key  issue,  is 
safety.  Despite  myriads  of  testing  and  mixing,  liquid 
electrolytes  have  not  been  able  to  provide  the  faultless 
metastability  needed,  neither  with  lithium  metal  nor 
carbon-based  negative  electrodes.  While  hybrid  vehicles 
(and  future  fuel  cells)  will  require  batteries  operating 
under  ambient  condition,  the  temperature  of  operation 
(50-80°C)  needed  for  pure  EVs  is  a  non-issue,  or  even 
an  advantage.  It  also  translates  in  facilitated  lithium 
plating  mechanism  as  the  softer  metal  is  less  prone  to 
develop  a  dendritic  morphology. 

The  most  apparent  progress  in  polymer  electrolytes  has 
been  indirect,  with  the  development  of  new  salts,  the 
imide  LifCFjSC^^N  followed  by  several  new  families 
optimised  for  cost  or  performance.  A  less  publicised 
improvement  has  been  made,  keeping  the  basic  PEO 
structure  with  minimum  modifications  but  allowing  for 
easy  processing  and  crosslinking  into  mechanically 
robust  films. 

The  intercalation  electrode,  as  said,  has  given  lithium 
system  in  an  unassailable  advantage.  The  need  for 
greener  materials  has  resulted  in  an  enormous  effort  to 
tame  the  manganese  oxide  systems,  with  limited 
success.  Vanadium  oxides  of  various  stoichiometries 
have  up  to  now  represented  the  best  compromise. 
Organic  materials  have  impressive  energy  density,  an 
advantage  becoming  marginal  when  considering  their 
low  specific  gravity.  The  future  seems  to  lie  with  a  new 
generation  of  iron  or  manganese  oxyanions,  as  proposed 
by  Goodenough  and  co-workers.  While  compounds  like 
LiFeP04  obviously  lack  the  electronic  conductivity  for 
complete  access  to  the  redox  site,  they  are  amenable  to 
surface  conductivity  enhancement  resulting  in 
impressive  kinetics  and  cycle  life.  This  compound 
probably  foreshadows  nanostructured  materials  where 
the  ionic  and  electronic  conductivity  can  be  addressed 
separately,  widening  the  choice  considerably. 

Solid-state  batteries  for  EV  applications  can  be 
considered  as  advanced  enough  to  merit  commer¬ 
cialisation,  and  no  major  hurdle  has  still  to  be  overcome, 
before  performance,  safety  and  cost  are  acceptable. 
Though,  laisser  faire  prevails.  It  is  quite  clear  that 
neither  governments  Inc.  nor  shareholders-first  econo¬ 
mics  will  provide  the  necessary  time  and  money  for  an 
inevitably  long  term  return  on  research  and 
commercialisation  investment.  It  is  probably  time  for 
motivated  scientists  to  unite  worldwide,  share 
information  and  express  their  concern  at  any  possible 
decision  level. 


The  almost  provocative  choice  of  a  moderately 
conducting  polymer  electrolyte  (polyethylene  oxide) 
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Great  attention  has  been  devoted  the  last  years 
by  the  scientific  community  to  modify  the  conventional 
polymer/salt  polymer  electrolyte  systems.  Recently  it  has 
emerged  that  the  addition  of  suitable  inert  oxide  nano- 
particles  can  improve  both  the  ionic  conductivity  and  the 
stability  vs  lithium  electrodes  of  these  electrolytes. 
However  the  mechanism  by  which  these  dispersoids 
influence  the  properties  of  the  native  materials  are  still  not 
satisfactory  understood:  contradictory  results  have  been 
reported  and  no  clear  pictures  at  microscopic  level  have 
been  proposed. 

From  practical  point  of  view  the  ideal 
achievement  in  electrolyte  of  PEO-LiX  type  would  be  the 
enhancement  of  low  temperature  ionic  transport  by 
modifications  which  avoid  any  liquid  contamination. 

Recently  we  have  proposed1  a  novel  approach  to 
this  problem  consisting  on  the  addition  of  'solid 
plasticizers’  in  the  form  of  oxide  (e.g.  TiCb,  Si02  or 
AI2O3)  powders  having  nano-particles  size  to  the  PEO- 
LiX  bulk.  The  idea  was  to  develop  solid-state  PEO-LiX 
composite  polymer  electrolytes  having  in  the  30-80°C 
range  good  mechanical  stability  (promoted  by  the  cross- 
linking  ability  of  the  ceramic  fillers  toward  the  polymer 
chains)  and  high  ionic  conductivity.  We  based  our 
hypothesis  on  the  assumption  that  the  surface  groups  of 
the  ceramic  particle  could  play  an  active  role  in  both 
influencing  the  recrystallization  kinetics  of  the  PEO 
polymer  chains  and  in  promoting  salt  dissociation. 

Some  results  obtained2-4  on  various  samples  of 
different  nacomposite  polymer  electrolytes  confirm  the 
validity  of  this  model  and  provide  important  indications 
that  this  nanocomposite  polymer  electrolytes  combine 
important  properties  such  as  good  mechanical  stability, 
enhanced  ionic  transport  and  great  interfacial  stability 
with  lithium  metal  electrode. 
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The  polymer  electrolytes  composed  of  the  blend  of 
poly(vinylidene  fluoride-co-hexafluoropropylene),  [P(Vd- 
F-co-HFP))  and  poly(methyl  methacrylate-co-lithium  me¬ 
thacrylate),  [P(MMA-co-LiMA)]  ionomer,  and  the  mixed 
solvent  of  ethylene  carbonate  (EC)  and  dimethyl  carbo¬ 
nate  (DMC),  and  LiPF6  salts  have  been  prepared  for 
plastic  lithium  ion  batteries  (PLIB). 

The  introduction  of  the  ionomer  into  P(VdF-co- 
HFP)  matrix  was  found  to  enhance  the  compatibility  of 
porous  polymer  matrix  with  the  liquid  electrolyte  through 
their  ion-dipole  interactions1,2  between  the  ion  groups  in 
the  ionomer  and  the  polar  groups  in  the  liquid  electrolyte. 
This  increase  of  compatibility  could  lead  to  the  increase 
in  uptake  amount  of  the  liquid  electrolyte  into  the  porous 
matrix  (Figure  1)  and  the  ionic  conductivities  at  ambient 
and  subambient  temperature  were  also  enhanced. 

The  interfacial  behavior  of  the  polymer  electro¬ 
lytes  with  the  electrode  was  investigated.  The  polymer 
electrolytes  based  on  the  P(VdF-co-HFP)/P(MMA-co- 
LiMA)  blend  showed  better  interfacial  stability  with  the 
increase  in  the  ion  content  of  the  ionomer  in  the  blend 
(Figure  2). 

The  charge/discharge  behavior  of  the  carbon/ 
polymer  electrolytes/LiCo02  cell  was  also  investigated. 
Suppression  of  leakage  of  organic  solvent  from  the  porous 
polymer  matrix  is  expected  to  be  the  principle  reason  for 
the  long-term  stability  in  the  charge/discharge  behavior 
with  cycles. 
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Figure  1.  Uptake  ratio  ((wt.  liquid  electrolyte/wt.  matrix 
polymer)xl00%)  of  liquid  electrolyte  into  the  porous 
polymer  matrix  based  on  the  P(VdF-co-HFP)/PMMA 
Ionomer  blend  (8/2,  w/w). 

(liquid  electrolyte  :  1M  LiPF6  in  EC/DMC) 

Figure  2.  Interfacial  resistances  between  the  polymer 
electrolytes  based  on  the  P(VdF-co-HFP)/PMMA 
Ionomer  blend  (8/2,  w/w)  and  electrode  with  CV  cycles, 
(scan  rate  :  10  mV/sec,  Li/polymer  electrolytes/Li  symm¬ 
etric  cell,  2x2  cm2) 
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The  ideal  electrolyte  material  for  a  solid-state 
battery  would  have  the  ionic  conductivity  of  a  liquid,  the 
mechanical  properties  of  a  solid,  and  the  formability  of  a 
commodity  thermoplastic.  In  this  laboratory  it  has  been 
shown  that  this  challenge  can  be  met  with  a  class  of 
polymers  known  as  block  copolymers  [1].  Block 
copolymers  consist  of  two  chemically  dissimilar  polymers 
covalently  bonded  end-to-end.  Under  appropriate 
conditions,  a  net  repulsion  between  the  polymer  blocks 
induces  their  local  segregation,  or  “microphase 
separation”,  into  periodically-spaced  nanoscale  domains. 

By  choosing  a  lithium  salt-solvating  polymer  as  one  block 
component,  continuous  ion-conducting  pathways  can  be 
formed.  The  nanoscale  morphology  confers  solid-like 
mechanical  properties  to  the  material  at  macroscopic 
scales  even  if  both  polymer  blocks  reside  well  above  their 
respective  glass  transition  temperatures  [2,3].  By 
choosing  two  low  Tg,  noncrystallizing  blocks,  films  with 
mechanical  properties  similar  to  a  crosslinked  rubber  can 
be  obtained,  without  sacrificing  the  high  local  chain 
mobility  required  for  Li+  conductivity.  Because 
microphase  separation  is  thermodynamically  reversible 
with  the  addition  of  a  common  solvent,  block  copolymers 
can  be  readily  processed  by  conventional  polymer  coating 
methods. 

Proof  of  this  concept  has  been  demonstrated  here 
in  our  laboratory  by  the  synthesis  of  POEM-PLMA  block 
copolymers  that  are  mechanically  stable  but  exhibit  nearly 
the  same  ionic  conductivity  as  the  molten  POEM 
homopolymer  [1].  Using  this  copolymer  as  both  the 
electrolyte  and  cathode  binder  thin  film,  solid-state 
rechargeable  lithium  batteries  of  the  type  Li/BCE/LiMn02 
have  been  constructed.  These  cells  have  been  multiply 
cycled  at  room  temperature.  Additionally,  to  demonstrate 
the  utility  of  the  BCE  at  subambient  temperatures, 
Li/BCE/Al  cells  have  been  repeatedly  cycled  at 
temperatures  as  low  as  -20 °C  [1].  Although  our  first- 
generation  BCEs  possess  properties  not  previously 
exhibited  by  solids,  a  number  of  materials  issues  still  need 
to  be  addressed  to  meet  the  demanding  requirements  of  a 
commercially  viable  rechargeable  battery.  The  focus  of 
the  present  work  is  the  effort  to  raise  the  transference 
number  of  Li+  to  nearly  unity. 

The  approach  is  to  synthesize  a  self-doped  BCE 
(SDBCE)  in  which  organic  counterions  are  tethered  to  the 
secondary  block  of  the  copolymer.  Preliminary  work  has 
identified  a  class  of  very  low  charge  density  organic 
anions  that  might  be  suitable  for  this  purpose.  Upon 
copolymer  ordering,  these  attached  anions  become 
sequestered  within  the  secondary  block  nanodomains, 
while  Li+  ions  are  localized  to  the  ion-conducting  block 
nanodomains.  By  localizing  the  counterions,  their 
mobility  should  be  reduced  substantially,  resulting  in  a 
dramatic  rise  in  the  Li+  transport  number  to  values 
approaching  1 .  With  the  SDBCE  the  anions  are  prohibited 
from  accumulating  at  the  polymer/oxide  interface,  and  the 


potential  barrier  for  cation  removal  from  the  intercalation 
compound  during  charging  is  thereby  reduced.  This 
should  enable  the  passage  of  larger  currents  through  the 
cell,  and  reduce  or  eliminate  polarization. 

The  SDBCE  offers  other  advantages.  For 
example,  higher  tLi+  translates  into  a  lower  thermal  load  as 
a  greater  fraction  of  the  total  cell  current  is  borne  by  Li+ 
ions  which  participate  in  faradaic  processes  at  the  two 
electrodes.  An  increase  in  tLi+  results  in  a  decrease  in  the 
amount  of  unwanted  joule  heating  of  the  cell  per  unit  of 
current,  which  lessens  the  chances  of  thermal  runaway. 
Hence  the  SDBCE  would  enable  a  safer,  more  efficient 
battery  capable  of  operating  at  higher  currents.  Moreover, 
the  salts  presently  used  to  dope  conventional  polymer 
electrolytes  are  subject  to  electrochemical  breakdown  at 
moderate  to  high  voltages.  This  limit  of  electrochemical 
stability  of  the  salt  constrains  the  accessible  voltage 
range,  and  consequently  the  capacity,  of  lithium  polymer 
batteries.  The  SDBCE  is  expected  to  exhibit  improved 
electrochemical  stability  and  to  confer  higher  energy 
storage  capacity  on  the  battery. 

Block  copolymer  electrolytes  with  anions  incor¬ 
porated  into  the  secondary  block  can  be  prepared  via 
anionic  synthesis  methods,  e.g.,  a  living  synthesis  starting 
with  the  secondary  block,  e.g.,  poly  t-butyl  methacrylate, 
or  a  random  acrylate  copolymer  containing  t-butyl 
methacrylate.  The  monomer  for  the  ionically  conducting 
block  of  the  copolymer,  e.g.,  methoxy  (polyethylene 
glycol)  methacrylate,  is  then  added  to  the  reactor  and 
allowed  to  polymerize.  Upon  completion  of  the  growth  of 
this  block  the  synthesis  is  terminated  with  methanol  or 
another  appropriate  reagent.  The  t-butyl  methacrylate 
segments  in  the  secondary  block  can  be  easily  and 
quantitatively  converted  into  a  methacrylic  acid  by 
hydrolysis  or  trans-alcoholysis.  Neutralization  of  this 
hydrolyzed  block  copolymer  can  be  accomplished  with 
appropriate  metal  bases  such  as  lithium  methoxide 
(LiOCHj). 

Following  the  general  polymerization  scheme 
described  above,  we  have  prepared  a  SDBCE  structure  of 
poly(lauryl  methacrylate-r-lithium  methacrylate)  -b- 
poly(oligooxyethylene  methacrylate).  The  molar  ratio  of 
the  monomer  components  was  1:1:1  LMA:LiMA:OEM, 
giving  an  effective  EO:Li+  ratio  of  9: 1.  Electrochemical 
impedance  spectroscopy  on  this  SDBCE  (no  added 
lithium  salt)  shows  that  this  polymer  exhibits  significant 
ionic  conductivity.  By  stepped-potential  current  decay  a 
Li+  transference  number  of  0.9  was  measured.  Cyclic 
voltammetry  has  shown  the  SDBCE  to  be  immune  to 
electrochemical  breakdown  at  voltages  exceeding  5  V. 
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Vanadium  pentoxide  hosts  have  excellent  intercalation 
capacity  and  reversibility,  and  are  universal  hosts  for 

both  univalent  and  polyvalent  cations  (Li+  ,  Na+,  Zn+2, 
+2  +3 

Mg  ,  and  Al  ).  All  the  cations  may  be  inserted  to 
high  concentrations  of  at  least  four  equivalents  of  Li+, 
Mg+2,  and  Al+3,  and  more  than  three  equivalents  of 
Zn  per  mole  of  V2O5.  Sol-gel  synthesis  of  xerogels 
and  aerogels  yield  materials  that  are  amorphous  and  very 
versatile.  Aerogel  processing  at  supercritical  conditions, 
or  at  near  supercritical  conditions  yield  highly  porous 
solids  as  powders  or  thin  films.  Solvent  exchange  during 
the  aerogel  drying  process  also  modifies  the  solid  and 
causes  “pillaring”  of  vanadium  pentoxide.  The  pillaring 
is  associated  with  the  retention  of  a  small  amount  of  the 
organic  solvent.  Thus,  the  aerogel  and  aerogel-like 
materials  are  nanocomposites  of  vanadium  pentoxide  and 
the  pillaring  agent.  Pillaring  is  limited  and  does  not  pack 
the  entire  intercalation  gallery.  It  is  associated  with 
larger  interlayer  gaps  and  the  larger  gaps  lead  to  facile 
and  fast  insertion  of  polyvalent  cations.  Other 
nanocomposites  have  also  shown  high  rates  of  insertion. 
Lithium  intercalation  has  been  cycled  one  thousand  times 
and  was  found  to  be  completely  reversible  with  respect 
to  charge,  mass  and  stress.  In  addition,  in  situ 
synchrotron  X-Ray  absoiption  spectroscopy  (XAS)  at  the 
vanadium  edge  was  used  recently  to  demonstrate  that  the 
Local  atomic  and  electronic  structure  around  the 
vanadium  sites  is  completely  reversible  upon  cycling  as 
well.  Further,  the  local  structure  around  Zn  and  Cu  sites 
in  intercalated  or  doped  materials  was  also  reversible  in 
other  in  situ  XAS  studies  at  the  Zn  and  Cu  edges 

respectively.  For  the  Mg+2,  Al+3  ,  and  Zn+2  ions, 
electrochemical  intercalation  studies  have  also 
demonstrated  high  reversibility. 


orders  of  magnitude.  Doping  with  Ni,  Mg,  and  Al  was 

also  studied.  Subsequent  intercalation  of  Li+  into  the 
doped  materials  was  very  facile  and  highly  reversible. 
Nanocomposites  of  the  doped  host  were  shown  to 
support  exceptionally  high  rates  of  For  the  Cu  doped 

samples,  XAS  studies  showed  that  the  Cu+2  was 
reduced  to  the  metallic  state  during  lithium  insertion, 
but  was  re-oxidized  and  returned  to  the  same  sites  in  thp 
lattice  upon  lithium  release.  Thus,  not  only  is  the 

intercalation  reversible  for  guest  species  like  Li+,  but 
doping  species  are  not  lost  into  the  solution  upon 
electrochemical  cycling.  In  the  case  of  Cu,  the  metallic 
clusters  that  form  in  the  reduced  state  are  thin  sheets 
that  are  presumably  located  near  the  intercalation  sites 
from  which  they  came,  and  to  which  they  return  on  the 
reverse  portion  of  the  cycle. 

The  strategy  of  using  sol-gei  processing  as  a  general 
route  to  prepare  other  porous,  pillared  intercalation 
hosts  will  be  discussed. 
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To  enhance  the  rate  of  insertion,  the  electronic 
conductivity  of  amorphous  V2O5  ,  was  increased  by 
doping.  Ag  and  Cu  doping  to  the  level  of  0.1 
mole/mole  of  V2O5  increased  the  conductivity  by  three 
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Solid  polymer  electrolytes  (SPE)  have  gained  a  strong 
scientific  and  technological  interest  due  to  their 
applicability  in  many  electrochemical  devices  [1]. 
However,  along  with  such  advantages  as  electrochemical 
and  mechanical  stability  the  classical  SPE  based  on 
polyethylene  oxide)  and  a  lithium  salt  have  a  rather  low 
ionic  conductivity  at  ambient  temperature  due  to  a  low 
segmental  mobility  of  the  polymer  matrix.  In  order  to 
improve  the  conducting  properties  of  the  SPE  several  new 
approaches  have  been  suggested.  One  of  them  is  to  utilise 
the  mechanical  properties  of  polymer  membranes  with  the 
high  conductivity  of  liquid  electrolytes  in  polymer  based 
gel  electrolytes  [2].  These  gel  electrolytes  are  not  as  well 
characterised  as  the  SPE  compounds  and  therefore  offer 
fundamental  scientific  challenges  in  materials  science  as 
well  as  established  technological  promises. 

Typical  gel  electrolytes  consists  of  a  non-aqueous  solvent 
(like  ethylene  carbonate,  EC,  propylene  carbonate,  PC,  di¬ 
methyl  carbonate,  DMC,  etc.,  or  mixtures  thereof),  lithium 
salt  and  an  immobilising  polymer  matrix.  Commonly  used 
polymers  are  for  example  poly(acrylo-nitrile), 
poly(methylmethacrylate)  and  poly(vinylidene-fluoride) 
etc.,  but  also  functionalized  polymers  like  PEO  chains 
grafted  on  acrylate  backbones  [3-6]. 

Various  intermolecular  interactions  between  the 
components  of  the  gel  electrolytes  affect  both  the  transport 
properties  and  the  important  mechanical  and 
electrochemical  stability  of  the  gels.  In  this  work  we 
compare  vibrational  spectroscopy  investigations  of  the 
competition  between  polymer-ionic  and  solvent-ionic 
interaction  in  a  functionalised  gel-electrolyte  with  ab-initio 
calculations  of  the  binding  energy  for  different  types  of 
interaction. 

Previous  photon  correlation  spectroscopy,  PCS,  work  [7] 
have  shown  that  in  PMMA-EC/PC/LiC104  based  gels  the 
ionic  conductivity  is  largely  decoupled  from  the  polymer 
and  instead  related  to  the  fast  diffusive  process  of  the  low 
molecular  solvents.  Comparing  with  conductivity 
measurements  it  was  found  that  the  measured  self  diffusion 
coefficient  was  in  qualitative  agreement  with  the  diffusion 
of  the  ions  as  determined  from  the  Stoke-Einstein  relation. 

In  the  present  study  PCS  is  used  to  probe  dynamic 
processes  in  the  time  range  from  10'7  -  103  s  on  two 
different  polymer  gel  electrolytes.  One  based  on  an  inert 
polymer  matrix  (PMMA)  with  low  solvent  interaction  and 
one  based  on  a  polymer  matrix  (PAN)  with  pronounced 
solvent-polymer  and  cation-polymer  interactions.  A 
complex  relaxation  behaviour  is  observed  with  multiple 
relaxation  processes  with  different  temperature  and  wave- 
vector  dependencies. 


Figure  1:  Angle  dependence  of  the  homodyne  correlation 
function  (=l+(S(Q,t))2),  as  measured  by  photon  correlation 
spectroscopy  for  a  PMMA-EC/PC-LiC104  gel.  Inset  shows 
Q-dependence  of  the  characteristic  times  of  the  fast 
diffusive  motion  (•)  and  the  segmental  relaxation  processes 
(-)• 
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Structural  studies  of  materials  utilized  in  lithium 
battery  technology  are  often  hampered  by  the  lack  of  long- 
range  order  found  only  in  well-defined  crystalline  phases. 
Powder  x-ray  diffraction,  while  being  an  indispensable 
technique  in  the  characterization  of  cathode  materials  for 
example,  yields  only  structural  parameters  that  are 
averaged  over  hundreds  of  lattice  sites.  Our  laboratory 
utilizes  solid  state  nuclear  magnetic  resonance  (NMR) 
methods  to  investigate  structural  and  chemical  aspects  of 
lithium  ion  anodes,  cathodes,  and  polymer  electrolytes. 

NMR  is  one  of  very  few  powerful  methods  to  probe 
the  immediate  environment  of  ions  such  as  Li+  in  solids, 
especially  in  disordered  materials.  Thus  NMR  methods 
have  contributed  much  toward  our  current  fundamental 
understanding  of  lithium  intercalation  or  other  insertion 
reactions  in  lithium  battery  electrodes,  and  ion  transport  in 
solid  electrolytes.  These  methods  are  particularly  useful 
when  the  results  are  correlated  with  data  from  other 
analytical  means,  such  as  x-ray  diffraction,  x-ray  absorption 
spectroscopy,  AC  impedance,  or  even  cell  performance 
tests.  This  paper  will  review  some  background  aspects  of 
NMR  that  illustrate  its  strength  in  studying  battery 
materials,  including  elemental  (nuclear)  specificity  and 
sensitivity  to  short-range  (<  nm)  interactions  and  dynamics. 
Results  of  several  recent  NMR  investigations  on  various 
battery  materials,  in  collaboration  with  other  research 
groups,  will  be  presented. 

In  partnership  with  E.Peled’s  group  at  Tel  Aviv 
University,  we  have  undertaken  studies  of  the  effect  of  mild 
oxidation  of  natural  graphite  on  lithium  capacity,  and 
formation  of  the  solid  electrolyte  interphase  (SEI).  Previous 
work  by  our  groups  has  shown  that  mild  oxidation  of 
graphite  can  increase  its  reversible  lithium  capacity  and 
facilitate  the  formation  of  a  chemically  bonded  SEI.  Both 
wide  line  and  high  resolution  (magic  angle  spinning)  7Li 
NMR  measurements  were  conducted  on  electrochemically 
lithiated  graphite,  both  untreated  and  partially  oxidized  (8  - 
15%  mass  bum-off  for  the  latter).  Several  sites  are 
identifiable:  the  stage- 1  intercalated  LiC6  phase, 
characterized  by  a  central  transition  peak  of  43  ppm 
(relative  to  aqueous  LiCl)  and  nuclear  quadrupole  coupling 
constant  (QCC)  of  33  kHz,  an  edge  site  at  1 1-13  ppm  with 
QCC  of  39  kHz,  and  a  high  stage  compound,  presumably 
LiClg,  at  3  ppm  with  QCC  of  36  kHz.  The  3  ppm  feature  is 
present  only  at  relatively  low  Li  concentration  (<  30% 
capacity),  above  which  the  major  spectral  feature  is  due  to 
the  LiC6  phase.  In  addition,  there  is  NMR  intensity  at  zero 
ppm  attributed  to  lithium  salts  and  organolithium 
compounds  which  constitute  the  SEI.  The  edge  site 
occupation  is  present  at  intermediate  levels  of  lithiation, 
and  is  attributed  to  a  stacking  defect,  and  increases  strongly 
with  pre-oxidation  of  the  graphite.  Further  lithiation 
reduces  the  edge  site  occupancy,  which  then  converts  to 
LiC6. 

In  collaboration  with  D.  Fauteux  (Powercell,  Inc., 
formerly  of  Hirion),  and  K.  Amine  (Argonne  National 
Lab),  we  have  studied  a  series  of  substituted  LiNi02 
compounds,  of  the  general  form  LiNi,.x.yMxM/y02,  where  M 
=  Co,  Ti,  Mg,  and  x  is  up  to  0.20  for  Co;  M'  =  Al,  and  Ga, 
and  y  =  0.05  for  Ga  and  values  up  to  0. 10  for  Al. 


Although  wide  line  7Li  NMR  linewidths  are 
dominated  by  broadening  from  paramagnetic  Ni3\  all 
samples  containing  Co  with  at  least  x  =  0.15  exhibit 
varying  degrees  of  Co  segregation,  whereby  some  of  the  Li 
sites  are  characteristic  of  a  diamagnetic  LiCo02  -  like 
environment  (i.e.  Co3+  neighbors  in  the  first  cation 
coordination  shell,  which  yield  a  narrow  line  component 
centered  at  the  zero  ionic  reference  frequency)  and  others 
characterized  by  a  broad  and  paramagnetically  shifted  line 
component  arising  from  at  least  one  nearby  Ni3+  ion.  We 
have  also  observed  the  27A1  NMR  signal,  characteristic  of 
Al3+  in  a  very  distorted  octahedral  environment,  in  samples 
with  as  little  as  5%  Al  substitution. 

Finally,  we  present  results  on  anisotropic  ion 
transport  in  polyethylene  oxide)  (PEO)  -  lithium  salt 
complexes  under  uniaxial  stress,  again  in  collaboration 
with  E.  Peled’s  group.  7Li  NMR  spectra  in  stretched  films 
reveal  changes  in  short-range  structure  that  are  consistent 
with  alignment  of  the  PEO  helices.  There  is  also 
preliminary  evidence  of  anisotropy  in  both  cation  and  anion 
diffusion,  as  determined  from  pulsed  field  gradient  NMR 
measurements.  These  results  are  correlated  with  the 
observed  enhancement  in  ionic  conductivity  due  to 
stretching. 
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A  better  understanding  of  the  reactivity  of  carbon  and 
transition  metal  oxides  and  sulfides  toward  Li-containing 
non-aqueous  solutions  is  expected  to  provide  insights  into 
the  factors  that  control  the  performance  of  secondary  Li 
and  Li'1'  batteries.  This  presentation  will  focus  on  two 
strategies  developed  and  implemented  at  CWRU  for 
studies  of  the  chemistry  and  electrochemistry  of  such 
electrodes. 

A.  Ex  situ  assembly  and  characterization  of  Li 
passive  films  in  ultrahigh  vacuum  (UHV)  by 
photon-,  and  electron-based  techniques 

This  experimental  approach,  described  in  detail 
elsewhere,1  relies  on  the  vapor  deposition  of  Li  onto  a 
nominally  unreactive  clean  substrate  metal,  such  as  Ni, 
followed  by  exposure  to  the  non-aqueous  solvent  of 
interest  in  gas  phase  in  UHV.  Fig.  1  shows  infrared 
reflection  absorption  spectra  (IRAS)  of  a  Li/Ni(poly)  film 
exposed  to  propylene  carbonate  (PC),  diethyl  carbonate 
(DEC),  and  dimethyl  carbonate  (DMC)  vapors,  in  the 
form  of  AR/R  =  (Rsamp  -  Rref)  /  Rrer  vs  wavenumber,  using 
the  spectrum  of  bare  Li/Ni(poly)  as  a  reference.  The  C-0 
stretching  modes  between  1050  and  1150  cm'1  in  these 
spectra  are  characteristic  of  Li-O-C  present  in  alkoxide- 
type  species  reported  by  Aurbach  et  al.2'3  The  clear 
absence  of  features  for  the  C02  symmetric  and 
asymmetric  modes  at  1350  and  1650  cm'1  respectively, 
rules  out  formation  of  an  alkyl  carbonate  under  these 
reaction  conditions. 

B.  In  situ  X-ray  absorption  spectroscopy  (XAS)  and 
Raman  scattering  of  particle  electrodes  embedded 
in  inert  metal  supports 

This  strategy  allows  for  the  electrochemical  and 
spectroscopic  properties  of  battery  grade  particle 
electrodes  to  be  characterized  in  the  absence  of  binders 
and  other  additives.4  In  particular.  Fig.  2  displays  a  series 
of  fluorescence  Mn  K-edge  X-ray  absorption  near  edge 
structure  (XANES)  for  a  Li2Mn02/Au  electrode  polarized 
at  the  potentials  indicated  in  the  cyclic  voltammetry 
recorded  in  the  same  cell  (see  insert).  Analysis  of  these 
results,  as  well  as  those  of  extended  X-ray  absorption  fine 
structure  (not  shown  here)  were  found  to  be  in  excellent 
agreement  with  those  reported  by  other  authors.  Another 
illustration  of  the  use  of  embedded  particle  electrode 
approach  is  provided  by  the  in  situ  Raman  spectra  of 
graphite  particles  embedded  in  softened  Ni  foils  as  a 
function  of  the  applied  potential  shown  in  Fig.  3. 

Also  to  be  discussed  are  possible  extensions  of 
these  techniques  to  the  study  of  a  much  wider  variety  of 
electrode  materials,  as  well  as  of  real  operating  devices. 
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Figure  1.  IRAS  spectra  of  Li/Ni(poly)  exposed  to  PC 
(curve  A),  DEC  (curve  B),  and  DMC  (curve  C)  vapors  at 
room  temperature. 


Figure  2.  Series  of  fluorescence  Mn  K-edge  XANES  for 
a  Li2Mn02/Au  electrode  polarized  at  the  potentials 
indicated  in  the  cyclic  voltammetry  recorded  in  the  same 
cell  (see  insert). 


Figure  3.  Series  of  Raman  spectra  as  a  function  of 
potential  for  a  KS-44  graphite  powder  electrode. 
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Introduction 

An  active  metal  that  should  be  considered  as  an  anode 
material  in  high  energy  density  batteries  is  definitely 
magnesium.  It  is  relatively  cheap,  much  safer  to  use  and 
handle  than  lithium,  and  its  compounds  are  usually 
nontoxic. 

Similar  to  lithium,  magnesium  is  covered  by  surface  films 
in  any  ‘inert’  atmosphere  that  contains  atmospheric 
contaminants,  and  in  most  of  the  relevant  electrolyte 
solutions  for  batteries.  In  contrast  to  lithium  where  the 
surace  films  covering  the  active  metal  are  Li-ion 
conductors,  surface  films  formed  similarly  on  magnesium 
can  not  conduct  the  bivalent  Mg**  ions."3  Electrolyte 
systems  in  which  magnesium  electrodes  behave  reversibly 
are  Grignard  salt  solutions  in  ethers  (RMgX;  R=alkyl,  aryl 
and  X=C1,  Br).  It  was  found  that  in  these  solutions,  Mg 
electrodes  are  not  passivated.'23  However,  these  solutions 
are  not  suitable  for  battery  application,  because  they  are 
strongly  reducing  agents  that  are  not  compatible  with  any 
possible  relevant  cathode  for  rechargeable  magnesium 
batteries. 

About  10  years  ago  there  was  a  report  in  the  literature  on  an 
attempt  to  develop  rechargeable  Mg  batteries  based  on 
ethereal  solutions  of  MgfBR^  salts  (R=alkyl,  aryl  groups) 
and  Mg  insertion  cathodes:  MgxCoOy.'33  The  use  of 
magnesium  organo  borate  salts  definitely  produced 
electrolyte  solutions  of  a  wider  electrochemical  window  that 
that  of  the  RMgX/ether  solutions.  However,  the  data 
presented  in  this  report(3)  were  not  at  all  promising  from  the 
practical  point  of  view.  Over  the  past  years  there  have  been 
continuous  efforts  to  develop  host  materials  that  can 
intercalate  electrochemically  with  bivalent  ions,  including 
Mg**,  and  thus  can  be  used  as  cathodes  for  rechargeable  Mg 
batteries.'43  However,  since  the  publication  of  the  Mg- 
Mg*CoOy  battery  system'33  we  have  not  seen  any  reports  in 
the  literature  on  integrated,  practically  important,  prototypes 
of  magnesium  batteries.  The  aim  of  this  presentation  is  to 
report  on  a  novel  Mg  battery  system  that  we  developed 
recently.  At  this  stage  :  the  publication  of  this  abstract,  only 
limited  information  can  be  released.  However,  a 
comprehensive  presentation  of  this  battery  system  will  be 
given  at  the  10ILMB 
Results  and  discussion 

The  R&D  of  the  new  Mg  battery  systems  benefited  from  the 
use  of  the  most  novel  tools  in  material  and  surface  science, 
with  the  emphasis  on  the  use  of  in  situ  techniques  (FTIR, 
XRD,  STM,  EQCM  and  EIS).  We  developed  new 
electrolyte  solutions  based  on  ethers  of  the  ‘glyme’  family, 
and  magnesium  aluminates  whose  electrochemical  window 
is  2.5  V  wide.  It  was  confirmed  by  in  situ  FTIR,  STM, 
EQCM  and  EIS  that  magnesium  electrodes  do  not  develop 
passivating  surface  films  in  these  solutions.  The  efficiency 
of  Mg  deposition-dissolution  cycles  in  these  solutions  was 
higher  than  99%,  confirmed  by  EQCM  and  standard 
electrochemical  measurements.  We  also  developed  a 
cathode  material  which  is  an  Mg  ion  insertion  compound  of 


the  MgxMSy  type  (M=transition  metal)  whose  working 
potential  is  1.3  -  3  V  vs.  magnesium  (during  discharge),  and 
its  practical  charge  capacity  may  reach  >100  mAh/gr,  This 
cathode  is  completely  compatible  with  the  above  electrolyte 
solutions,  and  behaves  highly  reversibly  at  practical  rates. 
Prototype  batteries  in  coin  cell  configurations  were 
constructed  and  tested.  Preliminary  tests  showed  that  these 
battery  systems  may  possess  an  energy  density  >  90  Wh/Kg 
of  the  active  components,  can  be  cycled  at  100%  DOD  over 
a  thousand  charge-discharge  cycles  with  negligible  capacity 
fading,  and  can  function  at  practical  rates  (0.1-1  mA/cm2 
of  the  electrodes).  It  should  be  noted  that  cathode 
modification  can  increase  both  the  potential  and  the  energy 
density  of  these  batteries  (work  on  this  is  presently  in 
progress). 

These  batteries  are  totally  environmentally  friendly  and  are 
composed  of  cheap,  abundantly  available  materials.  They 
are  expected  to  be  superior  in  terms  of  energy  density  and 
environmental  aspects  than  commonly  used  rechargeable 
batteries.  They  are  inferior  in  energy  density  compared  with 
Li-ion  batteries,  but  should  be  safer  and  cheaper,  and  hence, 
may  be  suitable  for  applications  which  require  large  size 
batteries. 
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Template  synthesis  is  a  general  method  for 
preparing  nanomaterials  that  entails  synthesis  of  the 
desired  material  within  the  pores  of  a  microporous 
membrane  or  other  solid.1,2  The  membranes  employed 
contain  cylindrical  pores  with  monodisperse  diameters 
that  run  the  complete  thickness  of  the  membrane 
(typically  5  to  ~50  pm).  Corresponding  cylindrical 
nanostructures  of  the  desired  material  are  obtained  within 
the  pores.  Of  particular  interest  to  battery  research  and 
development,  the  template  method  can  be  used  to  prepare 
nanostructures  of  Li-ion  battery  electrode  materials.3'7 
High-density  ensembles  of  these  nanostructures,  where 
the  nanostructures  protrude  from  a  current  collector 
surface  like  the  bristles  of  a  brush,  can  be  prepared. 

We  have  demonstrated  that  these  nanostructured 
Li-ion  battery  electrodes  show  better  rate  capabilities  than 
conventional  electrodes  composed  of  the  same  materials.3* 
6,7  Better  rate  capabilities  are  obtained  because  the 
distance  over  which  Li+  must  diffuse  in  the  solid  state  is 
dramatically  decreased  in  the  nanostructured  electrode. 
Furthermore,  the  surface  area  of  the  nanostructured 
electrode  is  larger,  making  the  effective  current  density 
during  discharge  smaller  than  for  a  conventional  electrode 
discharged  at  the  same  current  density. 

This  lecture  will  focus  on  rate  capabilities  and 
recyclability  of  nanostructured  Sn-based  anodes  prepared 
via  the  template  method.  Such  anodes  (derived  from 
oxides  of  tin,  e.g.,  Sn02)  have  been  of  considerable  recent 
interest  because  they  can,  in  principle,  store  over  twice  as 
much  Li+  as  graphite.8,9  However,  large  volume  changes 
occur  when  Li+  is  inserted  and  removed  from  the  Sn- 
based  materials,  and  this  causes  internal  damage  to  the 
electrode  resulting  in  loss  of  capacity  and 
rechargeability.10*13  We  describe  here  a  new 

nanostructured  Sn02-based  electrode  that  can  deliver  very 
high  capacity  (600  mAhg-1)  at  very  high  discharge 
currents,  and  still  retain  the  ability  to  be  discharged  and 
recharged  through  many  cycles. 

Nanofibrous  Sn-based  anodes  were  prepared  by 
doing  sol-gel  template  synthesis  of  Sn02  within  the  pores 
of  a  commercially-available  microporous  polycarbonate 
filtration  membrane  (Poretics).  This  procedure  yields 
monodisperse  110  nm-diameter,  6.0  pm-long  nanofibers 
that  protrude  from  the  current  collector  surface  like  the 
bristles  of  a  brush.  The  charge  storage  capacity  of  the 
nanostructured  electrode  (and  a  thin-film-control 
electrode  containing  the  same  quantity  of  Sn02)  were 
investigated  by  doing  constant  current  charge/discharge 
experiments  between  potential  limits  of  0.2  and  0.9  V  vs. 
Li+/Li. 


reduced  for  the  nanostructured  electrode.  This  is  because 
in  order  to  achieve  full  capacity  all  of  the  Li+  in  the 
electrode  must  be  removed  during  the  discharge.  This  is 
more  easily  accomplished  when  the  distance  over  which 
Li+  must  diffuse  in  the  electrode  material  is  decreased,  as 
it  is  in  the  nanomaterial.3'7 

In  addition  to  this  rate  capability  advantage,  the 
nanostructured  anode  showed  absolutely  no  loss  of 
capacity  with  cycling.  Furthermore,  the  charging  and 
discharging  were  done  at  a  very  high  rate,  32  C,  which 
corresponds  to  a  current  density  of  1.33  mA  cm'2.  In  spite 
of  this  high  rate,  the  capacity  was  still  large,  ~  600  mA  h 
g*1.  The  thin-fllm-control  electrode  delivered  an  order  of 
magnitude  less  capacity  at  this  rate. 

This  combination  of  high  capacity,  long  cycle 
life,  and  extraordinary  rate  capability  has  never  been 
observed  for  an  electrode  of  this  type.  The  extended 
cycle  life  is  undoubtedly  related  to  the  small  size  of  the 
nanofibers  that  make  up  the  electrode,  over  an  order  of 
magnitude  smaller  than  achieved  for  any  previous 
electrode  of  this  type.  In  addition,  the  nanofibers  are 
composed  of  very  small  grains  of  electrode  material, 
which  has  also  been  shown  to  be  beneficial  to  the  cycle 
life  of  these  materials.10,12 
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At  very  low  discharge  rates  both  electrodes 
showed  an  experimental  capacity  that  was  essentially 
identical  to  the  theoretical  capacity  associated  with  Li 
alloying  of  tin  over  this  potential  range.  As  is  always 
observed,  capacity  fell  off  with  increasing  discharge  rate; 
however,  the  extent  of  capacity  loss  was  dramatically 
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Plasticized  composite  electrodes  for  plastic  lithium- 
ion  batteries1,2  possess  several  readily  adjustable 
characteristics,  e.g.,  microporosity,  the  plasticizer  and  methods 
of  its  removal,  that  make  them  convenient  systems  to  study 
structure-property  relationships.  For  a  given  thickness  and 
volume  fraction  of  the  binder,  active  material  and  conducting 
additive,  and  depending  on  its  microstructure,  the  rate 
capability  and  energy  density  of  an  electrode  may  widely. 

In  the  present  study,  we  have  investigated  several 
parameters  affecting  microstructure  of  the  electrode.  These 
inctuded  the  crystallinity  of  PVDF-based  binders  with  variable 
HFP  content,  and  the  effect  of  the  nature  of  the  plasticizer 
(PC,  DBP  or  no  plasticizer)  and  its  removal  method  (solvent 
extraction  or  evaporation).  Changes  in  the  crystallinity  of  the 
polymeric  binder  affected  by  processing  conditions  were 
investigated  by  DSC,  XRD  and  mechanical  tests. 

The  effect  of  microstructure  on  the  physical 
properties  of  the  electrode  was  studied  by  mechanical  testing, 
pore  size  distribution  by  mercury  porosimetry,  specific  surface 
area  and  SEM  imaging.  Further,  rate  capability  (specific 
power),  specific  energy  and  electrochemical  stability  (capacity 
fade)  of  the  electrodes  was  determined  as  a  function  of  the 
electrode  thickness  [Fig. I].  Our  results  indicate  that  carefully 
designed  plasticized-polymer  Li-ion  systems  can  achieve  very 
high  specific  power  and  energy  values  even  at  low 
temperatures  (-20°C).  Their  characteristics  are  fully 
competitive  with  those  of  liquid-electrolyte  Li-ion  cells  based 
on  non-plasticized  electrodes  [Fig.2J. 
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Fig.l.  Effect  of  electrode  binder  and 
plasticizer  removal  method  on  discharge  rate 
capability  of  PLiON™  cells  with  electrodes 
having  the  same  composition. 
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Fig.  2.  Effect  of  electrode  capacity  on  discharge 
rate  capability. 
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Introduction 

Lithium  batteries  possess  high  energy  density  compared 
to  other  secondary  batteries.  Small  Li-ion  batteries  with  a 
capacity  of  1300  to  1900  mAh  are  currently  commercially 
available  to  power  portable  electronic  devices  such  as 
camcorders,  computers,  cameras,  etc.  In  addition,  Li-ion  and 
Li-polymer  batteries  are  being  developed  as  power  sources 
for  electric  vehicles  (EV)1'3  to  provide  longer  drive  ranges, 
higher  accelerations  and  longer  lifetimes.  However,  safety 
concerns  have  limited  the  full  utilization  of  Li  batteries  in 
EV  applications.  The  primary  challenge  in  designing  the 
Li-ion  and  Li-polymer  EV  batteries  is  its  safety  under 
abusive  as  well  as  normal  operating  conditions.  Under 
certain  conditions,  the  flash  point  of  the  electrolyte  can  be 
exceeded  and  the  Li-ion  can  be  overheated,  thereby 
resulting  in  major  safety  problems.4  Thus,  nonflammability5 
of  the  electrolyte  is  an  essential  property  for  the  safe  design 
and  operation  of  EV  batteries.  This  paper  describes  the 
preliminary  results  of  the  electrochemical  and  thermal 
investigations  carried  out  on  the  electrolyte  systems 
modified  by  incorporation  of  a  non  flame-retardant  additive 
in  the  electrolyte. 

Experimental 

The  effect  of  the  flame-retardant  additive  hexa- 
methoxy-cyclo-tri-phosphazene  (HMTP)  on  the 
electrochemical  stability  and  the  performance  was 
investigated  in  Li/LiNio.gCocuC^  cells.  The  thermal  stability 
of  the  electrolyte  with  and  without  the  flame-retardant 
additive  was  investigated  using  a  differential  scanning 
calorimeter  (DSC  7,  Perkin-Elmer)  and  an  accelerating  rate 
calorimeter  (ARC  2000™,  Arthur  D  Little  Inc.).4'5 

Results  and  Discussion 

Cyclic  voltammetry  showed  that  the  electrolyte 
containing  the  flame-retardant  additive  hexa-methoxy- 
cyclo-tri-phosphazene  (HMTP)  [NP(OCH3)2)3  is  stable  up  to 
5.0  V  vs.  Li.  Fig.  1  shows  the  electrochemical  performance 
of  Li/LiNio.gCoo.202  cells  in  the  presence  and  absence  of  the 
flame-retardant  additive  in  the  electrolyte.  The  capacity  of 
the  cells  was  determined  under  the  same  current  regimes. 
The  charge  and  discharge  capacities  of  the  cell  containing 
the  1 .5  wt.  %  flame-retardant  additives  increased  somewhat 
compared  with  the  cell  in  the  absence  of  the  flame-retardant 
additive. 

Fig.  2  shows  the  self-heat  rate  profile  of  the  electrolyte 
with  and  without  the  flame-retardant  additive  in  the  ARC.  It 
is  evident  that  the  maximum  self-heat  rate  of  the  electrolyte 
without  the  flame-retardant  additive  is  0.68°C/min,  which 
occurs  at  T=177.6°C.  This  can  be  attributed  to  the  reaction 
of  lithium  metal  with  the  electrolyte.  As  the  reaction 
proceeds,  the  lithium  metal  is  consumed,  and  thus  the 
exothermic  peaks  decrease  as  the  temperature  increases 
beyond  177.6°C.  On  the  other  hand,  the  maximum  self-heat 
rate  of  the  electrolyte  with  the  flame-retardant  additive  is 
only  0.1957°C/min  at  T=170.2°C.  The  peaks  were 
suppressed  in  comparison  with  those  for  the  electrolyte 
without  the  flame-retardant  additive,  which  may  be 
attributed  to  passivation  layer  that  is  formed  on  the  surface 
of  the  lithium  metal  by  the  flame-retardant  additive.  Results 
of  these  thermal  investigations  strongly  suggest  that  the 
addition  of  the  flame-retardant  additive  in  the  electrolyte 
significantly  reduces  the  self-heat  rate.  The  reduced  self¬ 
heat  rate,  in  turn,  helps  in  improving  the  nonflammability  of 
the  electrolyte. 
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Figure  1.  The  cycling  performance  of  Li/LiNio.gCoo^  cell 
containing  1.5  wt.  %  flame-retardant  additive. 
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Figure  2.  Thermal  behavior  of  1  M  LiPF6  with  EC-DMC 
containing  0.0  and  10.0  wt.  %  of  the  flame-retardant 
additive  using  ARC. 
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Introduction 

Recently,  Li-ion  polymer  battery  with  gel 
polymer  electrolyte  is  applied  increasingly  for  some 
commercial  uses,  for  example,  mobile  phone  etc.  The 
some  domestic  battery  makers  started  the  mass- 
production  of  Li-Ion  polymer  battery  last  year.  Many 
kinds  of  polymer,  for  example,  polyethylene  oxide  (PEO), 
poly(vinylidene  fluoride)  (PVdF)  and  polyacrylonitrile 
(PAN),  etc.,  have  been  studied  for  battery  chemical  [1-5]. 
We  selected  a  new  polymer  material  for  electrolyte  and 
have  succeeded  in  developing  a  excellent  leakage-proof 
battery  in  3.6  mm  thickness  by  filling  up  any  room  in  the 
cell  with  the  gel  polymer  electrolyte  as  well  as  penetrating 
into  electrode.  This  battery  has  good  charge-discharge 
performance  and  storage  performance.  The  influence  of 
the  composition  of  the  gel  polymer  electrolyte  on  its 
electrochemical  characteristics  and  the  performance  of  the 
battery  applied  with  this  gel  polymer  electrolyte  will  be 
discussed  in  this  work. 

Experimental 

Polyether  type  polymer  with  bridge  structure  is 
used  for  the  gel  polymer  electrolyte.  The  ionic 
conductivity  of  the  electrolyte  was  measured  by  putting 
polymer  electrolyte  between  blocking  electrodes,  which  is 
made  of  stainless  steel  by  AC  impedance  method.  The  gel 
polymer  electrolyte  was  prepared  by  the  following 
process.  We  mixed  the  pre-polymer  with  the  Li-salt 
dissolved  by  electrolyte  (1M  LiPF6  EC/DEC  (3/7))  at 
several  weight  ratios  and  then  coated  it  on  a  glass,  and 
finally  had  it  polymerized  by  heating.  The 
electrochemical  cell  constructed  in  a  globe  box  filled  with 
argon  gas  and  the  measuring  of  the  cell  performance  was 
done  in  an  incubator  controlled  at  several  temperature. 
The  test  battery  was  constructed  as  following  process; 

>  Used  a  positive  electrode  of  LiCo02  and  a 
negative  electrode  of  graphite.  This  is  the  same 
process  as  the  current  Li-Ion  battery. 

>  Wound  the  pair  of  the  electrodes  with  micro 
porous  polyethylene  film,  then  inserted  into  a 
case  which  is  made  of  resin  laminated  A1  sheet. 

>  Heat-sealed  after  infusing  the  gel  polymer/ 
electrolytes  mixture  into  the  case. 

Results  and  Discussion 

We  have  developed  the  gel  polymer  electrolytes, 
which  can  hold  electrolyte  solution  about  ten  times  as 
much  as  of  its  weight  sufficiently.  Figure  1  shows  the 
temperature  dependence  of  ionic  conductivity  of  gel 
polymer  electrolyte  prepared  at  various  weight  ratios.  We 
got  tendency  that  ionic  conductivity  increase  in  all 
temperature  range  as  ratio  of  electrolyte  increases.  This 
result  is  considered  that  a  part  of  ionic  conductivity  is 
influenced  by  the  electrolyte  solution  in  the  gel  [6].  Under 
the  ratio  of  polymer  vs.  electrolyte  is  1:10,  the  ionic 
conductivity  shows  5  x  10'3  S/cm  at  25  °C  and  2  x  10 3 
S/cm  at  -10  °C.  This  high  conductivity  is  almost  the  same 
to  that  of  electrolyte  solution.  As  concerns  the 


composition  of  electrolyte  solution,  we  were  able  to 
reduce  the  swelling  of  the  battery  using  LiN(S02C2F5)2 
much  less  than  LiPF6  under  the  storage  at  60  °C.  It  was 
thought  that  this  low  swelling  was  attributed  from  better 
stability  of  LiN(S02C2F5)2than  LiPF6  at  high  temperature. 

Li-polymer  battery  (model:UPF363562)  by  using 
the  gel  polymer  electrolyte  was  constructed.  The  capacity 
is  570mAh,  dimension  is  3.6mm  in  thickness,  35mm  in 
width,  62mm  in  height  and  the  weight  is  about  13.5g. 
This  battery  has  the  energy  density  of  270Wh/l  (294Wh/l 
in  excepting  sealed  area),  150Wh/kg  and  shows  good 
performance  in  the  high  rate  discharge  and  low 
temperature  discharge.  In  addition,  the  battery  shows 
good  leakage-proof,  so  that  the  electrolyte  solution 
doesn’t  leak  out  when  pressed,  even  though  it  has  a  small 
hole  in  its  case.  We  therefore  conclude  that  this  polymer 
material  is  very  suitable  for  polymer  electrolyte  because 
of  its  high  ionic  conductivity  and  high  reliability. 
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Fig.  1  Temperature  dependence  of  ionic  conductivities 
of  gel  polymer  electrolytes  prepared  at  various  ratio  of 
polymer/electrolyte  solution. 


Fig.2  Discharge  curves  of  lithium  polymer  battery 
(model:UPF363562)  in  various  temperatures  at  1C 
rate. 
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Amorphous  or  glassy  materials  are 
used  as  active  materials  in  Lithium  batteries 
either  as  electrolyte  or  electrode  materials  (1, 
2,3). 

By  optimisation  of  their  composition, 

Lithium  conductive  glasses  have  reached 

conductivities  up  to  10"4  S.cm1  at  room 

temperature.  The  transport  number  of  the 

alkali  is  unity  and  they  present  large  Red/Ox 

windows.  Some  of  them  have  been 

successfully  used  as  solid  electrolytes  in 

electrochemical  cells.  The  less  conductive 

(oxide  glasses)  are  deposited  as  thin  films  (* 

1  p.m)  for  microgenerators  (4,  5,  6)  the  most 

conductive,  (sulphide  glasses),  are  shaped  in 

layers  of  about  1  mm  by  isostatic  pressure  to 

form  button  cells  (7,  8).  In  commercially 

available  button  cells,  the  glassy  electrolyte  is 

an  oxi-sulphide  glass  doped  with  Lithium 

iodide  associated  with  a  Lithium  anode  and  a 

Titanium  disulphide  cathode.  Such  a  cell  can 

2 

deliver  current  densities  of  40  to  80  pA.cm* 
until  200°C  and  allows  several  hundred  of 
cycles  at  temperature  until  200°C  (7). 
Nevertheless  the  high  resistivity  of  the  glassy 
electrolyte  below  room  temperature  is  a  limit 
to  the  potential  application  of  these  all  solid 
state  cells. 

Oxide  or  oxi-sulphide  glasses  have 
been  tested  as  mixed  conductive  electrodes 
for  primary  or  secondary  lithium  batteries. 
The  electronic  conduction  mechanism  is  a 
small  polaron  hopping  between  d-orbitals  of  a 
transition  metal  (Ti,  V,  Fe,...).  Their 
*  corresponding  author  :  Tel :  33/(0)4  76  82  65 
E-mail :  Michel.Duclot@lepmi.inpg.fr 


association  with  a  glassy  oxide  allowed  the 
recently  industrial  development  of  thin  film 
microgenerators  able  to  deliver  a  current 
density  of  300  pA.cm  2  and  a  cyclability 
allowing  about  1000  charge/discharge  cycles 
(4). 
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The  usage  of  solid  electrolytes  is  a  fundamental 
solution  to  improve  the  reliability  of  conventional  lithium 
batteries.  National  Institute  for  Research  in  Inorganic 
Materials  (NIRIM)  started  developing  highly  reliable 
lithium  batteries  at  July  in  1999.  Solid-state  batteries  can 
be  safety,  and  suppress  various  side  reactions  because 
lithium  ion  is  only  a  mobile  species  in  solid  electrolytes. 
We  investigate  some  materials  that  have  not  been 
considered  as  candidates  for  electrode  materials  and  found 
that  they  act  as  electrode  materials  in  a  solid  electrolyte 
system. 


FeS2  has  been  studied  as  a  cathode  material  in 
thermal  cells.  It  shows  two  plateaus  at  2.3  V  and  1.6  V 
during  its  reduction  in  a  Li+  ion  conductive  electrolytes 
[1}.  The  former  was  reported  to  be  reversible  reaction,  but 
the  later  to  lead  to  formation  of  Fe  metal,  which  seems  to 
be  irreversible.  We  have  investigated  the  reduction 
process  of  Li2FeS2  in  a  Li+  ion  conductive  oxysulfide 
glass  and  found  that  the  reaction  is  reversible  as  shown  in 
fig.  1.  Our  some  analytical  data  suggested  that  the 
conversion  rate  from  a  meta-stable  phase,  which  was 
formed  by  the  reduction,  to  Fe  metal  was  so  slow  in  the 
solid-state  system  that  the  meta-stable  phase  acted  as  a 
reversible  electrode.  In  other  words,  the  formation  of  Fe 
metal  was  suppressed  owing  to  the  solid  electrolyte,  so 
that  the  electrode  reactions  remained  reversible. 

LiVS2  was  also  studied  as  an  electrode  material 
in  lithium  batteries.  Murphy  el  at.  reported  that  the  Li2VS2 
/  LiVS2  couple  was  reversible,  but  further  extraction  of 
Li+  ions  rapidly  led  to  deterioration  [2].  But  in  a  solid- 
state  battery,  we  show,  the  reaction  is  successfully 
reversible  as  displayed  in  fig.  2. 

One  of  the  examples,  which  demonstrate  the 
potentiality  of  solid  electrolyte,  is  the  electrochemical 
behavior  of  Li2FeCl4  in  the  solid-state  system.  The 
chloride  has  a  high  ionic  conductivity  [3]  and  contains 
Fe2+  ions  available  for  a  redox  reaction.  One  can  imagine 
that  it  will  be  an  electrode  material  in  lithium  batteries. 
However  its  ionicity  is  so  high  that  it  is  easily  dissolved  in 
a  liquid  electrolyte  and  therefore  can  not  be  used  as  an 
electrode  material.  Fig.  3  indicates  a  potential  profile  of 
Li2FeCl4  during  the  oxidation  in  the  solid  electrolyte.  It 
shows  a  plateau  at  ca.  3.5  V  vs.  Li/Li+.  In  our  further 
studies,  the  reaction  was  revealed  to  be  extraction  of  Li+ 
ions  from  Li2FeCl4.  The  phenomenon  suggests  that  ionic 
materials  can  also  be  candidates  for  electrode  materials  by 
using  solid  electrolytes. 

Details  of  these  examples  as  well  as  the  concept 
of  our  research  will  be  presented  at  the  meeting. 
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Fig.  1  Potential  profile  of  Li2FeS2. 

In-Li  alloy  was  used  as  a  counter  electrode. 
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Fig.  2  Charge-discharge  cycle  of  the  cell,  In-Li  alloy  / 
LiVS2. 
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Fig.  3  Potential  profile  (open  circuit  voltage)  of  Li2FeCl4 
during  the  oxidation  in  the  Li+  ion  conductive  glass. 
Counter  electrode  was  In-Li  alloy. 
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A  large  variety  of  materials  is  presently  being 
considered  for  improved  lithium  batteries.  Many  of  those 
suffer  from  irreversible  capacity  losses  and  reduced 
kinetics  of  the  electrodes  in  the  course  of  an  increasing 
number  of  cycles.  These  problems  are  related  to 
interfacial  solid  state  chemical  reactions  in  view  of  the 
lack  of  thermodynamic  stabilities  of  the  electrolyte- 
electrode  phases  and  because  of  poor  reproduction  of  the 
geometry  of  the  phases  being  formed  in  the  electrodes. 

Similar  to  semiconductor  junctions,  the 
electrostatic  potential  drop  occurs  only  at  interfaces.  The 
driving  forces  by  the  chemical  potential  differences  for 
both  ions  and  electrons  across  the  electrolyte-electrode 
interfaces  are  compensated  by  the  formation  of  an 
electrical  field  to  build  up  the  same  electrochemical 
potentials  for  the  ions  and  electrons  at  both  sides  of  the 
interfaces. 

In  contrast  to  semiconductors  with  space  charge 
layer  thicknesses  of  the  order  of  1pm,  the  Debye  length  of 
fast  ionic  conductors  and  good  electronically  conducting 
electrodes  is  quite  small,  i.e.  of  the  order  of  one  atomic 
layer.  Accordingly,  high  chemical  stability  is  mandatory 
for  the  electrolyte-electrode  contact.  Common  approaches 
of  using  immobile  ions,  as  often  considered  in  the  case  of 
semiconductor  devices,  are  not  applicable  because  of  the 
functionally  essential  requirement  of  mobile  ions  moving 
across  the  interfaces. 

Thermodynamic  equilibria  may  be  commonly 
not  achieved  because  of  the  different  electronic  properties 
required  for  the  electrolyte  and  electrode  materials  and  the 
unlikelyness  of  such  phases  in  thermodynamic 
equilibrium  with  each  other.  Furthermore,  the  electrode 
phases  show  large  variations  in  the  compositions  and 
lithium  activities  upon  discharge.  This  does  not  only 
cause  problems  of  chemical  instabilities  between  the 
electrolyte  and  electrodes,  but  causes  also  quite  different 
local  arrangements  of  the  various  phases  depending  on  the 
kinetic  paths  of  the  chemical  reaction. 

The  achievement  of  high  performance  batteries 
is  based  on  the  development  of  materials  with  improved 
interfacial  stabilities.  Kinetic  aspects  with  regard  to  the 
ionic  mobilities  of  all  components  of  both  the  electrolyte 
and  the  electrodes  are  taken  into  account  for  the  selection 
of  appropriate  materials  compositions. 

Furthermore,  various  additional  compounds  were 
dissolved  in  the  electrolyte  for  varying  the  electronic 
properties  in  view  of  the  equilibration  of  the  electronic 
charge  carriers  across  the  interfaces  besides  that  of  the 
electrochemically  active  ionic  species. 

Successful  previous  applications  of  Li*Co02  and 
LixNi202  cathodes  depend  on  the  performance  of  these 


materials  just  like  quasi-binary  compounds.  The  two 
phases  which  are  being  formed  and  decomposed  upon 
discharge  and  charging  of  the  battery  are  in  line  with  the 
direction  toward  the  lithium  corner  the  Gibbs  triangle. 
Structural  variations  are  small  in  addition.  That  is  not  the 
case  for  other  cations  under  investigation  in  place  of  Ni 
and  Co. 

Thermodynamic  relationships  between  the 
various  components  of  the  electrodes  result  in  kinetic 
paths  within  the  phase  diagram  which  are  locally 
considerably  different  from  thermodynamically  expected 
overall  equilibrium  compositions. 

Furthermore,  electronic  bulk  properties  are  taken 
into  consideration  for  enhanced  chemical  diffusion  and 
accordingly  improved  power  rates. 

Various  oxides,  which  are  presently  being 
considered  for  anodes,  behave  kinetically  quite 
unfavorable  because  of  blocking  tarnishing  layers.  Other 
approaches  seem  to  be  more  favorable  in  view  of  high 
energy  and  power  densities. 

Transport  of  lithium  ions  across  interfaces 
appears  to  be  a  considerable  problem  in  all-solid-state 
batteries.  It  appears  favorable  to  avoid  these  impedances 
and  to  develop  “monolithic  lithium  batteries”  which  are 
based  on  a  single  material  without  interfaces  between 
structurally  different  compounds.  The  feasibility  of  this 
concept  will  be  discussed.  Such  systems  may  play  an 
important  role  for  applications  with  energy  densities  in 
the  range  between  those  of  supercaps  and  high  energy 
density  lithium  batteries. 
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Calorimetric  experiments  using  ARC  and  DSC 
are  used  to  develop  kinetic  expressions  for  the  reactions 
between  electrode  materials  and  electrolyte  as  a  function 
of  temperature  and  reaction  history.  These  so-called 
"power  functions"  are  then  combined  with  Newton's  law 
of  cooling  and  the  heat  equation  to  produce  a  full  thermal 
model  capable  of  accurately  predicting  thermal  runaway 
in  Li-ion  cells  of  any  size  or  shape. 

A  Visual  C++  program  has  been  developed  that 
is  user  friendly  and  allows  the  battery  designer  to  simulate 
the  effects  of  design  changes  (cel!  radius,  surface  heat 
transfer  coefficient,  cell  shape)  on  oven  exposure  test 
results.  (1)  This  program  will  be  demonstrated  during  this 
presentation,  Figure  1  shows  a  comparison  between 
model  and  experiment  for  commercial  18650  cells. 

During  this  work,  we  realized  the  importance  of 
radiation  heat  transfer  from  the  cell  surface.  Radiation 
provides  approximately  50%  of  the  heat  flow  from  the 
cell  to  the  environment  during  the  oven  test,  while 
conduction  and  convection  provide  the  rest.  The  radiated 
power  is  directly  proportional  to  the  emissivity  of  the 
surface,  which  is  a  characteristic  of  the  material  (usually 
the  cell  label)  making  up  the  outermost  surface  of  the  cell. 

Figure  2  shows  oven  exposure  tests  for  Li-ion 
18650  cells  that  have  been  first  charged  to  4.2V.  One 
result  is  for  a  cell  as  received  from  the  manufacturer  and 
the  other  result  is  for  a  cell  from  the  same  manufacturer 
with  the  label  removed.  The  emissivity  of  metal  surfaces 
generally  ranges  from  0.1  to  0.35  while  that  of  plastic  can 
be  near  0.8.  Therefore,  labeled  cells  transfer  heat  more 
effectively  to  the  environment  and  do  not  exhibit  thermal 
runaway  until  the  temperature  has  been  increased  by  15  to 
20°C  above  the  point  where  the  unlabelled  cells  exhibit 
runaway. 

This  work  suggests  that  cell  labels  and  battery 
pack  cases  should  be  made  from  materials  with 
emissivities  as  close  to  1  as  possible.  (2) 
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Figure  I.  Comparison  between  oven  exposure  test  results 
measured  for  18650  cells  at  4.2V  (lower  panel)  and  the 
model  predictions. 
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Figure  2.  Oven  exposure  test  results  for  18650  cells 
charged  to  4.2V.  Solid  line  -  cell  as  received  dashed  line  - 
label  removed. 
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An  extensive  research  program  dealing  with 
several  aspects  related  to  battery  systems  is  being  carried 
out  in  our  group. 

Part  of  this  program  is  to  develop  both  new  anode  and 
cathode  materials  that  would  improve  the  performance  of 
the  actual  batteries  such  as  lithium-ion  batteries  and 
nickel-metal  hydride  batteries.  Other  argued  phenomena 
for  instance  lithium  insertion/extraction  mechanism  and 
manganese  dissolution  are  also  being  investigated  in  our 
group.  The  present  lecture  will  highlight  some  recent 
research  and  development  on  cathode  materials  that  have 
been  carried  out  in  our  laboratory. 


Lithium  insertion/extraction  mechanism 

Thin  film  electrodes  permit  evaluations  of  the 
active  material  itself  without  effect  of  conductive 
additives  and  organic  binder.  A  uniform,  dense  film  of 
spinel  LiMn204  (0.1  pm  thick)  has  been  prepared  by  the 
electrostatic  spray  deposition  (ESD)  technique.  The 
electroanalytical  behavior  of  this  electrode  was  elucidated 
by  use  of  electrochemical  impedance  spectroscopy  (EIS). 
The  data  have  been  modeled  using  an  equivalent  circuit 
approach  following  rigorous  criteria.  An  excellent  fit  was 
found  between  measured  data  and  the  derived  model, 
comprising  Li+  migration  through  surface  layer,  potential- 
dependent  charge  transfer  resistance,  semiinfinite 
Warburg-type  element,  reflecting  solid  state  Li+  ion 
diffusion  and  a  finite  space  Warburg-type  element, 
describing  both  diffusion  and  accumulation  of  lithium  at 
the  very  low  frequency.  Specific  parameters  of  interest 
were  determined  in  this  investigation:  (i)  diffusion 
coefficient,  (ii)  redox  capacitance,  (iii)  surface  film 
capacitance,  resistance,  and  (iv)  exchange-current  density. 
The  apparent  chemical  diffusion  coefficient  of  lithium  in 
the  spinel  phase  was  found  within  10'12<  <l0'9cm2s'' 

as  function  of  electrode  potential  with  minima  at  the 
potentials  corresponding  to  the  voltammetric  peaks.  The 
robustness  of  the  model  was  checked  by  changing  the 
experimental  conditions  (electrolyte,  temperature,  film 
thickness,  etc). 

The  lithium  insertion/extraction  reaction  has  also 
been  investigated  by  means  of  a  microelectrode  technique 
recently  developed  in  our  group  (Fig. I).12  We  were  able 
to  perform  transient  as  well  as  stationary  electrochemical 
methods  by  means  of  this  microelectrode.  Impedance  was 
carried  out  on  LiMn204  and  LiCo02  single  particles  and 
the  data  have  been  analyzed  according  to  an  equivalent 
circuit  approach. 

Manganese  dissolution 

Manganese  dissolution  is  believed  to  be 
responsible  for  the  low  capacity  fading  of  LiMn204  in 
LiPF6  containing  solutions  at  elevated  temperatures.  The 


microelectrode  technique  has  been  applied  to  a  single 
particle  of  LiMn204  in  \M  LiPF</PC+EC  (1:1)  solution  at 
50°C.  Multi-cyclic  voltammetry  showed  a  significant 
decrease  in  capacity  (ca.  25%  decrease  upon  50  cycles). 
This  was  attributed  to  the  dissolution  of  manganese  oxide 
promoted  by  acidic  species  (HF)  originated  from  the 
reaction  of  LiPF6  with  water.  We  have  confirmed 
subsequently,  the  role  of  water  in  the  dissolution  process. 

The  manganese  dissolution  was  further 
investigated  by  means  electrochemical  quartz  crystal 
microbalance  (EQCM)  technique  on  thin  LiMn204  films. 
This  technique  enables  a  direct  measurement  of  the 
manganese  dissolution  process.  The  open  circuit  voltage 
and  mass  of  LiMn204  were  followed  upon  exposure  in  a 
1 M  LiPFg/PC+EC  (1:1)  solution  at  50°C.  After  20  hrs  of 
storage,  the  mass  started  to  decrease  while  the  OCV 
increased  to  about  4.3V  vs.  Li/Li+  and  sustained  till  the 
LiMn204  was  completely  dissolved. 

All  these  results  are  very  likely  to  support  that 
the  manganese  dissolution  (probably  induced  by  the  H+ 
attack)  proceeds  with  the  formation  of  y-Mn02  phase  at 
the  surface. 

Cathode  materials 

The  microelectrode  technique  was  successfully 
applied  to  various  single  particles  of  transition  metal 
oxides  such  as  LiCo02,  LiNi02  and  Li,  10Mni  852Cr0o4804. 
An  important  result  concerns  the  Lii.ioMni^Cro.wgO,, 
single  particle.  This  material  exhibited  no  significant 
capacity  fading  even  in  the  \M  LiPFe/PC+EC  (1:1) 
solution  at  50°C  upon  50  cycles.  It  is  suggested  that 
chromium  doping  because  of  Cr-0  bond  is  stronger  than 
Mn-0  bond  stabilized  the  spinel  structure. 


Fig.l  Sketch  of  the  experimental  set-up  for  single  particle 
investigations.  1:  thermal  controller,  2:  thermocouple,  3: 
Li  foil,  4:  Teflon  mesh,  5:  single  particle,  6:  Pt-Rh 
filament,  7:  Teflon  cell,  and  8:  alumina  wool. 

References 

[1]  Uchida  et  al,  J.  Power  Sources,  68,  139  (1997). 

[2]  M.  Nishizawa  and  I.  Uchida,  Electrochim.  Acta,  44, 
3629(1999). 


Abstract  No.  44 
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Many  local  battery  makers  recently  announced 
one  by  one  to  begin  mass  production  of  the 
lithium  ion  polymer  battery  in  Korea  with  the 
mobile  phone  boom.  There  are  five  or  six 
potential  suppliers  of  lithium  ion  polymer 
batteries,  which  are  preparing  for  mass  production 
by  this  year  or  early  next  year.  This  is  because 
secondary  batteries,  in  particular,  the  lithium  ion 
polymer  battery  have  been  called  one  of  the  next 
generation  commodities  with  bright  prospects. 
According  to  the  prospects  of  the  related 
institutions,  the  rate  of  increase  of  secondary 
batteries  in  the  domestic  market  is  estimated 
20.7%  yearly  growth  until  the  year  2002  and  17% 
until  the  year  2005  respectively,  which  values  are 
far  exceed  the  global  increase  rates  of  13.2%  - 
1 1 .4%  in  the  same  period.  In  monetary  amounts, 
the  domestic  market  will  have  the  size  of  510 
billion  won($425  million)  in  this  year  and  1.12 
trillion  won($933  million)  by  the  year  2005  and 
the  world  market  share  will  increase  from  7%  to 
9%  in  the  same  period.  In  spite  of  several 
technological  and  marketing  problems  for  the 
mass  production,  the  local  battery  makers  are  in 
believe  that  the  lithium  ion  polymer  battery  will 
make  inroads  into  the  lithium  ion  battery  market 
soon  or  later,  because  of  several  advantages  such 
as  leakage  free,  safety  and  design  flexibility  etc. 
The  research  activities  on  polymer  batteries  in 
Korea  are  covered  almost  every  fields  from 
materials  to  manufacturing  processes.  Presently 
two  national  research  projects  are  ongoing;  one 
for  development  of  small  power  sources  and  the 
other  for  electric  vehicle.  Although  the  research 
projects  on  the  polymer  batteries  hold  a  minority 
in  these  national  research  programs,  around  20 
companies  and  research  institutions  including 
universities  are  involved  in  the  development  of 
polymer  battery.  The  majority  of  research  groups 
are  supported  by  other  governmental  or  private 
research  funds. 

Major  researches  are  focused  on  the  development 
of  the  polymer  electrolytes,  which  might  be 
classified  into  hybrid  and  gel  type  electrolytes. 
The  R&D  on  the  hybrid  electrolyte  originated 
from  Bellcore  are  concentrated  mainly  on  the 
process  engineering  and  the  others  are  to  exploit  a 
new  polymer  electrolyte  blended  with  different 
polymers  such  as  poly(-acrylonitrile),  poly(- 
vinylidene)fluoride,  poly(-methylmetacrylate), 
etc. 

Besides  of  a  good  ionic  conductivity,  the  polymer 
electrolyte  must  be  extrusive  easily  as  a  free¬ 
standing  film  for  mass  production  and  exhibit  an 
excellent  mechanical  property  with  strong 
adhesive  character  as  well  as  a  good  chemical  and 
electrochemical  stability.  In  figures  1-3  some  of 
the  recent  advances  of  R&D  in  polymer  batteries 
are  demonstrated  .  The  poly(-acrylonitrile)  based 
polymer  electrolyte  met  so  far  the  requirements 
mentioned  above.  Including  these,  the  recent 
activities  on  advanced  batteries  in  Korea  will  be 
outlined. 
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Figure  1.  Ionic  conductivity  of  PAN-based 
polymer  electrolytes. 


Figure  2.  Rate  characteristic  of  lithium  ion 
polymer  battery  (charge  rate  :  C/2  at  room 
temperature). 
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Figure  3.  Cycle  performance  of  lithium  ion 
polymer  battery  (charge  and  discharge  rate  :  C/2 
at  room  temperature). 
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Lithium  Metal  /  Polymer  Battery 
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For  the  next  generation  rechargeable  battery,  lithium 
secondary  battery  using  lithium  metal  as  the  anode  is  the 
most  attractive  candidate  for  higher  energy  power  sources 
for  portable  electric  devices,  electric  vehicles,  and  load 
leveling  systems.  Lithium  metal  demonstrates  remarkable 
low  electrochemical  equivalent  and  the  most  negative 
redox  potential  among  all  metallic  elements.  There  are, 
however,  some  disadvantages  of  the  lithium  metal  anode 
compared  to  the  carbon  anode  of  Li-ion  battery[l,2j. 

In  order  to  enhance  the  lithium  anode  properties,  the 
effect  of  additives  to  the  liquid  electrolyte  was  studied, 
e.g.,  C02  [9-13],  HF  [3,4]  and  so  on.  In  addition,  the 
dendritic  growth  of  lithium  was  suppressed  in 
poly(ethylene  oxide)  (PEO)-based  gel  electrolyte  [5]. 

The  gel  electrolyte,  which  consists  of  polymer  matrix, 
organic  solvent  and  supporting  electrolyte,  was 
introduced  as  a  novel  material  in  the  field  of  rechargeable 
battery  applications  [6-8].  By  applying  the  gel  electrolyte 
to  the  batteries,  the  electrolyte  solution  does  not  leak  out 
from  the  cell,  and  the  electrolyte  can  be  prepared  as  a  thin 
film,  which  enables  to  construct  a  solid  state  and  high 
energy  density  battery.  In  particular,  the  gel  electrolytes 
demonstrates  highly  ionic  conductivity  about  10'3  S  cm'1 
at  room  temperature  and  has  a  sufficient  mechanical 
strength,  e.g.,  polyacrylonitrile  [9,10],  poly(methyl 
methacrylate)  [8,9],  a  new  copolymer  of  vinyliden 
fluoride  with  hexafluoropropylene  (PVdF-HFP)  [4,12] 
based  gel  electrolytes.  In  1997,  on  the  basis  of  these 
background,  the  first  reliable  and  practical  rechargeable 
Li-ion  plastic  battery,  which  contained  the  carbon 
material  as  an  anode,  was  developed  by  applying  the 
PVdF-HFP  copolymer  type  gel  electrolyte  [13],  In 
addition,  we  demonstrated  the  high  charge-discharge 
performance  of  lithium  metal  anode  in  the  PVdF-HFP  gel 
electrolyte  system.  Furthermore,  the  higher  performance 
was  obtained  by  the  combination  of  the  C02  addition  and 
gel  electrolyte. 

As  described  previously  [5,14],  the  dendritic 
deposition  was  suppressed  in  the  PEO  gel  electrolytes 
owing  to  the  immobility  of  the  electrolyte  molecules.  We 
thought  that  the  efficiencies  for  the  gel  electrolytes 
depend  on  the  kind  of  polymer  matrix.  There  are  some 
apparent  differences  between  the  PEO  and  PVdF-HFP  gel 
electrolyte,  i.e.,  the  chemical  behavior  of  polymer  matrix 
and  the  immobility  of  the  electrolyte  molecules.  It  was 
most  likely  that  the  interface  between  the  gel  electrolyte 
and  lithium  played  the  most  important  role  in  the  cycling 
characteristics.  When  the  poly(tetrafluoroethylene) 
(PTFE),  which  has  similar  chemical  structure  to  the 
copolymer  of  PVdF-HFP,  became  black  in  color  like  as 
carbon  by  contact  with  lithium  metal,  it  seemed  that  the 
PTFE  polymer  was  reduced  by  lithium  metal  and  lithium 
surface  was  covered  with  lithium  compounds.  In 
consideration  of  this  fact,  it  is  probably  that  the 
enhancement  property  for  the  PVdF-HFP  was  due  to  the 
formation  of  some  protective  layers  on  the  lithium  by  the 
reductive  reaction  of  PVdF-HFP  copolymer  by  lithium 
metal. 

The  effect  C02  addition  to  the  PVdF-HFP  gel 
electrolyte  and  PEL  gel  electrolyte  was  also  examined. 
The  efficiency  was  increased  by  the  C02  addition.  These 
results  confirm  that  the  C02  addition  is  effective  not  only 
in  the  liquid  electrolyte  but  also  in  the  gel  electrolyte. 


Considering  results  as  reported  elsewhere  [15],  the 
combination  of  the  PVdF-HFP  gel  electrolyte  and  C02 
addition  did  enhance  the  efficiency  of  lithium  anode 
effectively. 

Additionally,  the  morphology  of  lithium 
deposited  (charged)  in  the  gel  electrolytes  was  improved. 
In  case  of  the  PEO  gel  electrolyte,  the  morphology 
became  rough  gradually  by  proceeding  the  cycling.  On 
the  contrary,  the  lithium  tested  in  the  PVDF-HFP  gel 
possesses  more  uniform  surface  than  that  in  the  PEO  gel. 
It  was  due  to  the  differences  in  chemical  behavior  and 
immobility  of  the  electrolyte  molecules.  By  the  addition 
of  carbon  dioxide  to  the  PVdF-HFP  gel,  the  surface 
becomes  smooth  slightly.  Simultaneously,  an  ac 
impedance  measurement  confirmed  that  the  interface 
resistance  was  decreased[16,17]. 

These  results  suggest  that  there  are  possibilities 
of  enhancing  the  lithium  anode  properties  by  selecting 
and  designing  host  polymer,  supporting  electrolyte, 
solvent  and  additives.  Further  analyses  and  discussion 
should  be  required  for  understanding  the  characteristics  of 
the  lithium  anode  in  the  PVdF-HFP  gel  system.  We 
believe  that  further  studies  will  clarify  the  potential  for 
the  application  of  lithium  metal  to  rechargeable  Li 
batteries. 
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Lithium-ion/polymer  rechargeable  batteries  are  at¬ 
tracting  attention  as  being  key  to  create  thinner  and 
lighter  mobile  communication  and  information  tech¬ 
nology  devices. 

The  present  contribution  describes  the  development 
of  a  new  all  solid  state-polymer  battery  technology 
which  includes  an  innovative  process  that  enables  thin 
rechargeable  batteries  to  be  manufactured  with  lower 
costs. 

The  performance  of  a  laboratory  proptotype  cell  com¬ 
posed  of  lithium  aluminium  silicate-polymer  elec¬ 
trolyte,  lithium  cobalt  oxide  and  lithium  titanate  elec¬ 
trodes  will  be  reported. 
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Shaped  Charge:  Adjustable  Form-Factor 
Lithium-Ion  Batteries 

Walter  A.  van  Schalkwijk 
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Redmond,  Washington 

Marc  Juzkow 
PolyStor  Corporation 
Livermore,  California 

For  too  long  lithium  polymer  batteries  have 
shown  the  promise  of  ease  of  manufacture  and 
performance  equal  to  that  of  liquid  electrolyte  systems. 
The  perceived  advantage  has  generally  been  for  the 
manufacturer. 

In  a  joint  effort,  we  have  been  developing  a 
lithium-ion  polymer  battery  based  on  PolyStor's 
LiNiCo02  chemistry.  Utilizing  the  thermoplastic 
properties  of  some  of  the  battery  materials,  the  cells  can 
be  shaped  in  two  axes  to  fit  an  OEM  required  shape. 
Without  the  metal  can  the  batteries  are  lighter  and  thinner 
thus  yielding  a  higher  energy  density.  The  cell  is  flexible 
prior  to  thermoforming,  but  is  rigid  once  the  desired  shape 
is  made. 


In  principle,  any  degree  of  bend  in  any  axis 
should  be  possible.  In  practice,  we  have  made  and  tested 
cells  curved  to  a  radius  of  about  1 .2  cm  or  as  to  make  a 
cylinder  to  fit  around  the  index  finger. 

Discharge  capacity  measurements  for  C-rate, 
C/10  and  GSM  performance  compare  favorably  to  the 
can-packaged  product  currently  in  production. 

This  technology  is  a  new  development  and 
limited  data  exists  at  the  abstract  deadline.  Test  data, 
including  projections  of  cycle  life,  electrical  abuse, 
overcharge,  forced  discharge,  short  circuit,  high-rate 
charge,  seal  integrity,  and  mechanical  and  environmental 
abuse  will  be  reported  at  the  meeting. 

The  batteries  are  not  at  an  advanced  stage  of 
manufacture  and  as  such  have  not  been  submitted  for 
regulatory  certifications. 
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The  Role  of  Lithium  Batteries  in  Modern 
Health  Care 

Curtis  F.  Holmes 
Greatbatch-Hittman,  Inc. 

Columbia,  MD  21045  USA 

The  first  medical  device  using  a  lithium  primary  battery 
was  implanted  in  Italy  in  1972  (1).  This  device,  a 
cardiac  pacemaker,  marked  a  new  era  in  the  treatment  of 
disease  by  implantable  devices.  Before  that  time, 
pacemakers  were  generally  powered  by  zinc/mercuric 
oxide  batteries  that  provided  only  24  -  36  months  of 
longevity  and  ceased  operation  with  little  or  no  warning. 
Lithium  batteries  permitted  the  development  of  devices 
with  many  years  of  longevity.  Moreover,  the  devices 
could  be  hermetically  sealed  and  offered  greater 
reliability  then  those  previously  available. 

The  use  of  lithium  batteries  to  power  implantable 
devices  soon  became  standard,  and  by  the  late  1970’s 
virtually  all  pacemakers  were  powered  by  primary 
lithium  batteries.  Indeed,  it  can  be  argued  that  the  use 
of  lithium  batteries  in  implantable  devices  represented 
the  first  successful  commercialization  of  such  cells. 
Several  cathode  materials  were  used  in  the  early  days  of 
lithium-powered  pacemakers,  including  iodine- 
polyvinylpyridine  (PVP),  silver  chromate,  copper 
sulfide,  and  thionyl  chloride.  By  the  mid  1980’s 
virtually  all  pacemakers  used  the  lithium/iodine-PVP 
system. 

Today’s  pacemakers  are  equipped  with  very  advanced 
microprocessor  circuitry  and  can  adjust  therapy  to  the 
needs  of  the  patient  by  sensing  physiological  parameters 
and  adjusting  pacing  parameters  accordingly.  The  use 
of  telemetry  to  communicate  the  state  of  the  battery  and 
medical  information  is  common.  Pacemakers  of  the 
future  will  likely  need  the  higher  current  drains 
provided  by  systems  such  as  manganese  dioxide  and 
carbon  monofluoride. 

By  the  mid  1970’s  the  pacemaker  was  well-established 
as  a  standard  treatment  for  bradycardia,  and  physicians 
and  biomedical  engineers  soon  became  involved  in  the 
development  of  battery-powered  devices  to  treat  a 
variety  of  other  illnesses.  Today  many  diseases  are 
routinely  treated  by  devices  powered  by  lithium 
batteries,  and  it  is  estimated  that  well  over  five  million 
lithium  batteries  have  been  implanted  in  patients. 

In  1980  the  first  implantable  defibrillator/cardioverter 
(ICD)  was  implanted  in  a  human  (2).  Dr.  Michel 
Morowski  and  his  colleagues  developed  the  device, 
which  could  sense  the  onset  of  ventricular  fibrillation 
and  apply  a  shock  of  around  35  joules  directly  to  the 
heart,  restoring  normal  cardiac  rhythm  and  saving  the 
life  of  the  patient.  The  first  devices  were  quite  large  and 
required  that  an  electrode  be  sutured  directly  to  the 
heart,  and  could  only  supply  the  life-saving  high  energy 
shock.  During  the  next  twenty  years,  significant 
development  has  occurred,  and  devices  today  are 
smaller  by  around  a  factor  of  four.  Transvenous  leads 
have  been  developed  that  eliminate  the  need  for  a 
thoracotomy.  In  addition  to  providing  the  high  energy 
shock  necessary  to  arrest  ventricular  fibrillation,  today’s 
devices  provide  anti-tachycardia  pacing  as  well  as 
normal  bradycardia  pacing.  They  can  store  and  transmit 
important  clinical  data  to  die  physician.  Most  ICD’s  use 
lithium/silver  vanadium  oxide  batteries  today,  although 
lithium/manganese  dioxide  batteries  are  also  used. 

Implantable  neurostimulators  are  devices  that  provide 
therapy  by  stimulating  various  nerves  in  the  human 


body.  The  first  use  of  such  devices  was  for  the 
treatment  of  some  types  of  chronic  intractable  pain  by 
stimulation  of  the  spinal  cord  (3).  The  treatment  of  pain 
is  still  a  common  use  of  such  devices,  but  newer 
applications  such  as  the  treatment  of  Parkinson’s 
disease  and  epilepsy  have  been  developed  (4).  The 
epilepsy  application  has  been  approved  by  the  U.  S. 
FDA,  and  has  been  shown  to  be  effective  in  reducing 
the  frequency  and  severity  of  epileptic  seizure  (5). 
These  devices  are  typically  powered  by  lithium/thionyl 
chloride  or  lithium/carbon  monofluoride  batteries. 

Implantable  drug  delivery  systems  have  been  developed 
to  administer  controlled  doses  of  drugs  to  patients  in 
need  of  such  drugs.  The  devices  contain  a  reservoir,  a 
pumping  mechanism,  electronic  circuitry,  and  a  battery. 
They  are  refilled  transcutaneously  through  a  septum  on 
the  device.  These  devices  treat  cancer,  multiple 
sclerosis,  cerebral  palsy,  and  diabetes  (6).  These 
devices  are  also  powered  by  lithium/thionyl  chloride  or 
lithium/carbon  monofluoride  batteries. 

Several  devices  require  rechargeable  lithium  ion 
batteries  for  power.  Among  them  are  left  ventricular 
assist  devices  (LVAD’s),  the  totally  artificial  heart,  and 
modern  implantable  hearing  assist  devices  (7).  The 
LVAD  is  an  implantable  pumping  device  that  provides 
long-term  circulatory  support  to  patients  with  serious 
heart  disease.  It  is  implanted  in  the  thorax  and  is 
attached  to  the  heart.  The  power  requirements  are  so 
high  that  secondary  batteries,  worn  externally,  are  used 
for  power.  The  devices  typically  also  contain  an 
internal  secondary  battery,  recharged  transcutaneously, 
to  provide  backup  power  and  allow  patients  an  hour  or 
so  of  freedom  from  the  external  pack.  Implantable 
hearing  devices  have  been  developed  to  treat  hearing 
loss  in  patients  who  are  not  adequately  treated  by 
conventional  hearing  aids.  Their  small  size  and  high 
power  requirements  are  well  served  by  rechargeable 
implantable  lithium  ion  cells. 

Lithium  batteries  have  served  a  variety  of  health  care 
needs  since  the  first  implant  in  1972.  They  have 
enabled  the  development  of  a  wide  variety  of  life-saving 
and  health-giving  devices.  Both  primary  and  secondary 
lithium/lithium  ion  cells  serve  well  in  this  important 
medical  role. 
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Lithium  primary  batteries  have  played  a  vital  role  in  the 
successful  development  of  a  wide  range  of  battery- 
powered,  implantable  medical  devices.  The  universal 
adoption  of  lithium  battery  technology  in  these 
applications  can  be  ascribed  to  the  high  energy  density 
and  high  voltage  afforded  by  the  lithium  anode.  High 
energy  density  is  critically  important  to  minimizing  the 
size  of  the  implanted  device,  and  high  voltage  allows 
circuits  to  be  powered  by  a  single  cell.  The  ability  to 
develop  systems  that  exhibit  excellent  long-term  (>  10 
years)  material  and  performance  stability  has  been  of 
equal  significance. 

The  major  battery  chemistries  used  in  implantable 
applications  are  summarized  in  Table  1.  With  careful 
attention  to  battery  design  and  manufacturing  practices, 
each  of  these  battery  chemistries  has  proven  to  be 
extremely  safe  and  reliable  and  well  suited  to  its 
particular  application.  Thus,  the  development  and/or 
implementation  of  other  battery  technologies  will  occur 
only  if  there  arc  substantial  driving  forces. 

In  fact,  there  are  many  such  driving  forces  that  are 
likely  to  dramatically  change  the  battery  technology 
used  in  implantable  medical  devices  over  the  next 
several  years.  Many  developing  technologies  will  affect 
either  the  peak  power  requirements  or  average  power 
requirements  for  the  battery.  Some  examples  are 
summarized  below. 

Microprocessor-based  devices  -  Modern  pacemakers 
(and  most  of  the  other  devices  in  Table  1)  incorporate 
microprocessors  and  substantial  amounts  of  memory. 
The  development  of  complex  processing  algorithms 
drive  the  implementation  of  higher  clock  speeds,  more 
memory,  and  longer  processor  duty  cycles.  All  of  these 
contribute  to  higher  peak  power  requirements  and  tax 
the  rate  capability  of  the  lithium/iodine  batteries  used  in 
present-day  pacemakers. 

Improved  telemetry  systems  -  Transfer  of  data  to  or 
from  an  implanted  device  is  accomplished  via  an 
antenna  internal  to  the  implanted  device  and  an  external 
antenna  (“programming  head”)  placed  directly  over  the 
device.  Future  devices  will  be  capable  of 
communication  over  greater  distances  (several  meters) 
to  facilitate  remote  monitoring  of  the  device  via  the 
Internet. 

Smaller  size  -  Batteries  occupy  approximately  30%  to 
60%  of  the  volume  of  a  typical  implanted  device.  For 
power  intensive  applications  such  as  ventricular 
defibrillation,  smaller  battery  size  can  only  be  achieved 
by  improving  power  density. 

New  applications  -  A  prime  example  is  the  extension  of 
conventional  pacemaker  technology  to  congestive  heart 
failure  applications.  This  involves  pacing  the  left 
ventricle  in  addition  to  the  right  side  of  the  heart,  thus 
increasing  the  average  power  requirement. 

Improved  efficacy  -  The  number  of  chronic-pain 
patients  treatable  by  neurostimulators  can  be 
dramatically  expanded  by  increasing  the  number  of  sites 
(along  the  spinal  chord)  that  can  be  stimulated.  This  is 
accomplished  by  increasing  the  number  of  stimulation 
electrodes  and,  proportionately,  the  average  power 
requirement. 


Treatment  of  multiple  disease  states  -  Future  devices 
will  continue  the  trend  towards  treatment  of  multiple 
disease  states.  A  recent  example  is  the  Medtronic  Jewel 
AF®  which  provides  therapies  for  ventricular 
tachycardia  and  fibrillation,  atrial  tachycardia  and 
fibrillation,  as  well  as  conventional  pacing. 

Technical  Approaches 

There  are  several  technical  approaches  for  addressing 
these  new  challenges. 

Modeling  and  power  management  -  In  many  instances, 
increasing  peak  power  demands  can  be  addressed  by 
careful  power  management.  This  requires  accurate 
discharge  and  transient  response  models  of  the  battery. 
We  have  developed  such  models  for  the  lithium/iodine 
and  lithium/silver  vanadium  oxide  battery  systems. 
These  models  are  physically-based  and  can  be  used  to 
accurately  predict  the  performance  of  new  battery 
designs  (1-4). 

New  primary  chemistries  -  These  batteries  must 
maintain  the  high  energy  density  and  reliability  of  the 
lithium/iodine  battery  while  offering  much  higher  power 
capabilities.  Possible  replacements  include  existing 
chemistries  such  as  Li/CFx  or  new  technologies  such  as 
the  Li/hybrid  cathode  systems  (5,6). 

Rechargeable  batteries  -  For  those  systems  that  require 
high  average  power  or  extended  longevity,  rechargeable 
batteries  are  a  viable  option.  The  batteries  can  be 
recharged  by  inductive  coupling  as  was  successfully 
demonstrated  in  a  commercial  pacemaker  in  the  late 
1960s.  It  is  likely  that  future  implementations  will 
involve  lithium-ion  technology  due  to  its  high  voltage, 
high  energy  density,  and  low  self-discharge.  We  have 
already  verified  acceptable  performance  of  the 
technology  using  commercial  cells.  The  tests  consisted 
of  simulated  application  conditions  (37°C,  2  hr.  charge, 
weekly  or  monthly  discharge  rate)  over  a  period  of  five 
years.  It  is  also  likely  that  the  use  of  rechargeable 
batteries  will  be  limited  to  non-life  support  applications 
or  involve  the  use  of  a  primary  battery  backup.  The 
latter  concept  has  already  been  proposed  by  Terumo,  a 
Japanese  company  that  is  developing  rechargeable 
pacemaker  technology  (7). 
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Presently  all  primary  batteries  for  implantable  medical 
devices  contain  a  lithiumanode.  This  is  based  on  the 
well  known  excellent  energy  and  power  density  of 
lithium  batteries.  Defibrillators/  Cardioverters  are  either 
powered  by  lithium-silvervanadiumoxide  (SVO)  or 
lithium-manganesedioxide  (MDX)  cells  respectively 
doublecells.  Development,  production  and  use  of  MDX 
batteries  within  implanted  ICD's  during  the  last  years 
have  confirmed  the  capabilities  of  MDX  batteries  which 
are  able  to  comply  with  the  extremely  high  pulse  power 
requirements  of  that  application. 

Recent  results  of  a  6-V-MDX  battery  development  are 
presented.  Figure  1  shows  the  results  of  a  pulse 
discharge  to  illustrate  the  high  power  capability  of  the 
design.  Power  density  of  the  battery  is  >660  W/l,  low 
rate  (600  kc)  energy  density  is  410  Wh/1.  The 
doublecell  is  part  of  a  hybrid  system  used  within  ICD’s. 
The  hybrid  concept  makes  use  of  two  different  battery 
chemistries  within  one  application.  In  the  case  of  ICD's 
the  two  basic  requirements  to  the  power  source  are  high 
power  plus  longevity  whereas  pacemakers  require 
longevity  at  low  rate  currents  from  their  batteries. 
Therefore  a  hybrid  system  consisting  of  a  MDX  battery 
plus  a  lithium-iodine  cell  has  been  developed  in  order  to 
increase  pulse  power  capabilities  and  energy  density  of 
the  system.  The  capacity  requirement  on  the  lithium 
iodine  battery  is  0.68  Ah  which  is  considerably  less  than 
the  capacity  of  a  typical  pacemaker  battery.  To  be  able 
to  deliver  sufficient  power  to  pace  and  sense  with  the 
ICD,  the  internal  design  of  this  small  cell  lead  to  the  use 
of  a  folded  anode  which  increases  the  active  lithium- 
surface  resulting  in  a  lower  current  density.  A  further 
power  density  increase  of  lithium  iodine  batteries  is 
difficult  to  achieve  because  of  the  solid  state  system 
properties.  Therefore  the  development  of  batteries 
suitable  to  comply  with  extended  electrical  requirements 
of  future  applications,  e.g.  pacemakers  with  increased 
functionalities,  neurostimulators  and  implantable 
micromechanical  devices  has  to  evaluate  the 
performance  of  MDX  and  other  systems  under  the 
specific  conditions  and  requirements  of  implantable 
batteries. 

As  a  result  of  this  work  the  electrical  performance  data 
of  a  medium  rate  MDX  cell  are  presented.  Figure  2 
shows  the  results  of  a  pulse  discharge.  The  energy 
density  of  this  battery  is  680  Wh/1.  The  battery  is  able  to 
supply  up  to  400  mA  pulses  for  10  s  at  2.5  V  BOL,  this 
compares  to  a  power  density  of  103  W/l.  Low  rate 
pulsing  capacity  of  this  battery  is  >2.5  Ah  down  to  2.0 
V  end  voltage  under  the  following  conditions:  1  min 
120  Hz  pulsing  current  (0.5  ms  pulse  of  1 10  mA,  8.33 
ms  OC  interval)  followed  by  9  min  OC  interval,  plus 
constant  background  load  of  8.6  ^iA. 
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Fig.2  LiS  4087  Pulsetrain  discharge 
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External  medical  devices  are  widely  used, 
worldwide.  Such  devices  have  been  used  for  treating 
scoliosis  by  periodic  muscle  stimulation,  alleviating  pain 
through  transdermal  electrical  nerve  stimulation  (TENS), 
and  for  sound  amplification  in  hearing  aid  devices 
(HAD).  Primary  batteries  are  used  in  most  of  the  devices 
to  afford  free  mobility  to  the  user.  Use  of  secondary  cells 
would  provide  a  number  of  benefits  to  the  user. 

It  has  been  estimated  that  over  25  million 
persons  in  the  United  States  suffer  hearing  loss  and 
approximately  7  million  use  a  hearing  aid  device  (HAD). 
The  majority  of  these  miniature  sound  amplifiers  are 
powered  by  Zn/air  cells.  A  typical  HAD  user  will  replace 
this  battery  every  5  to  15  days  so  approximately  150-250 
million  of  these  small  button  cells  are  consumed  annually 
in  the  United  States.  Such  a  high  replacement  rate  is  the 
source  of  several  problems  that  include  the  following: 

1 .  Cost.  Several  replacement  batteries  each  year. 

2.  Environment.  150-250  million  used  batteries  must  be 
disposed  of  each  year,  in  the  United  States  alone. 

3-  Health  Hazard.  The  proliferation  of  millions  of  small 
batteries  annually  leads  to  cases  of  the  accidental 
ingestion  of  cells  or  the  insertion  of  cells  into  the  ear  or 
nose,  especially  by  children  and  the  elderly. 

Each  of  these  problems  can  be  mitigated  by  a 
user  friendly  medical  device  containing  a  reliable 
rechargeable  battery.  One  of  the  major  reasons  that 
rechargeable  external  medical  devices  are  not  widely  used 
is  the  limited  performance  found  in  present,  commercially 
available  rechargeable  batteries  or  coin  cells  of 
appropriate  size.  Although  large  sizes  of  Li-ion  cells  are 
under  development  for  medical  devices  (1)  no  small 
button  cells  are  currently  available. 

The  high  level  of  interest  in  lithium  batteries 
today  is  a  direct  result  of  the  needs  for  lightweight 
portable  power  sources  and  the  unique  properties  of 
lithium.  Lithium  is  the  lightest  of  the  alkali  metals,  and  as 
a  result,  can  offer  a  higher  density  of  energy  storage  than 
any  other  metallic  anode  material.  For  this  reason,  lithium 
batteries  represent  the  ultimate  in  advanced,  high 
performance  batteries  for  the  growing  markets  in  portable 
consumer  electronic  products,  communications  and  other 
cordless  devices,  at  least  in  the  context  of  present  battery 
technology. 

We(2)  developed  a  small,  3.6V  Li-ion  button  cell 
to  overcome  the  problems  cited  above  for  the  primary 
battery  powered  HAD,  and  also  to  offer  a  high  energy 
density,  low  impedance  cell  as  an  alternative  to  small 
NiCd  and  NiMH  button  cells. 

The  external  medical  batteries  developed  have  a 
typical  lithium-ion  chemistry  schematically  depicted  as: 

Cu  /  Graphite  //  1M  LiAsF6  in  EC-DMC//  LiCoOz  /  A1 

where  copper  (foil)  and  aluminum  (foil)  are  the  current 
collectors  and  the  electrolyte  is  one  molar  lithium 
hexafluoroarsenate  in  ethylene  carbonate-dimethyl 
carbonate  (50:50  by  volume).  The  graphite  and  the 
lithium  cobalt  oxide  are  the  two  intercalation  compounds. 

Beyond  the  formation  cycle,  the  batteries  were 
tested  to  characterize  the  design  and  the  electrochemical 


performance  as  required  for  the  hearing  aid  application. 
Engineering  prototype  batteries  were  used  for  the  tests. 
For  comparison  purposes,  commercially  available  cells 
based  on  the  lithium-alloy  anode/  vanadium  oxide  and 
zinc/air  (Zn-air)  chemistries,  and  also  a  small 
developmental  nickcl/metal  hydride  (Ni-MH)  cell  were 
tested.  In  this  presentation  we  report  the  results  of  the 
investigations  on  the  capacity,  the  rate  performance,  the 
cycle  life,  pulsed  discharge  performance  and  preliminary 
safety  characterization  of  the  new  lithium-ion  batteries  we 
have  developed  for  external  medical  applications. 
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Figure  1.  Delivered  capacity  versus  cell  voltage  behavior 
of  a  battery  discharged  at  two  different  rates:  C/12 
(dashed  line)  and  C  (solid  line).  A  typical  charge  cycle  at 
C/12  rate  is  also  shown  (dotted  line).  Voltage  cut-off 
limits:  2.75V-4. IV. 


Figure  2.  Cell  voltage  versus  capacity  plots  of  a  battery  in 
several  different  cycles  (see  legend).  The  cells  were 
discharged  to  a  fixed  capacity  of  5  mAh. 
Discharge/charge  currents:  1. 0/3.0  mA  (C/9  -  C/3  rate). 
Voltage  cut-off  limit:  4.0V.  Cathodic  safety  limit:  2.75  V. 
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1. Introduction 

An  electric  double-layer  capacitor  (EDLC)  is  an 
energy  storage  device,  in  which  an  electric  charge  is 
stored  in  the  electric  double  layer0  formed  at  the  interface 
between  carbon  materials  and  electrolytic  solutions  when 
dc  voltage  is  applied.  The  EDLC  has  a  pair  of  polarizable 
electrodes  with  collector  electrodes,  a  separator,  and  an 
electrolytic  solution.  The  capacitor  is  charged  and  the 
electrical  energy  stored  in  the  capacitor  is  discharged  at 
loads.  Although  an  energy  density  of  EDLCs  is 
considerably  low  compared  with  rechargeable  batteries, 
the  capacitor  shows  many  features,  i.e.  a  higher  power 
density,  a  stable  charge-discharge  performance  in  a  wide 
temperature  range,  an  environmental  advantage,  etc.  Many 
studies  on  EDLCs  have  been  carried  out  in  correlation 
with  physical  and  chemical  properties  of  carbon  electrode 
materials.21 

2. History  and  Present  Status  of  the  Capacitors 

In  later  1970s,  with  increasing  application  of  ICs  and 
LSIs,  micro-power  sources  are  required  to  back-up  for 
microprocessors  with  lower  voltages  and  currents. 
Matsushita  started  to  produce  EDLCs  in  1978,  which  have 
been  widely  used  as  memory  back-up  devices  in  many 
electrical  appliances,  e.g.  VCRs,  cameras,  etc.  In  1980s, 
the  EDLCs  were  used  for  the  energy  source  to  drive 
wristwatches  with  solar  cells.  In  early  1990s,  EDLCs  are 
used  as  actuator  back-up  sources  for  toys,  electric 
appliances,  home  equipment,  etc.  Recently,  EDLCs  with 
higher  capacitances  and  lower  resistances  are  under 
development  for  higher  electric  power  sources  in  EV 
systems,  electric  power  storage  systems,  etc. 

3.  Effective  Factors  to  Capacitor  Characteristics 

The  EDLC  is  supposed  to  be  assembled  micro¬ 
capacitors  connected  in  series  and  parallel.  Physical, 
chemical,  and  electrical  properties  of  activated  carbon 
materials,  electrolytic  solutions,  collector  electrode 
materials,  separator  materials,  etc.  are  very  important  to 
determine  the  capacitor  characteristics.  The  construction 
of  carbon  electrodes  and  collector  electrodes  is  also  an 
effective  factor  to  capacitor  characteristics. 

4. New  Capacitor  for  Power  Uses. 

Recently  Matsushita  Electronic  Components  Co.,  Ltd. 
released  a  new-type  capacitor  for  power  uses  “UP-Cap” 
which  shows  1 .7  times  higher  capacitance  density  and 
almost  half  times  lower  resistance  compared  with 
conventional  EDLCs.  A  newly  developed  activated 
carbon  materials,  polarizable  electrode  layers  with  a  high 
filling  density  of  activated  carbons,  and  new  construction 
of  collector  electrodes,  realized  novel  characteristics  of 
the  new  EDLC.  Figure  1  and  2  show  a  representative 
discharge  characteristics  and  an  appearance  of  the 
capacitor  developed,  respectively. 
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•  Figure  I  Discharge  characteristics  of  EDLC  bank. 


Figure  2  Appearance  of  the  new  capacitor. 

5.  Application  of  the  Capacitors.* 

EDLCs  have  been  applied  to  many  kinds  of  electrical 
equipment  and  systems  as  energy  back-up  devices.  Small 
coin-type  EDLCs  are  used  as  memory  back-up  devices  for 
microcomputers  at  less  than  mA-rate-load  in  VCRs,  handy 
telephones,  pagers,  etc.  Tubular-type  EDLCs  have  such  a 
low  inner  resistance  that  they  are  used  as  back-up  devices 
for  actuators  at  less  than  A-rate-load  in  toys,  measuring 
equipments,  traffic  signals,  electric  thermo  pots,  etc.  to 
drive  motors  or  LEDs.3,4)  Many  applications  of  the 
power-type  EDLCs  have  been  studied  in  the  system  of 
electric  heated  catalysts,  EVs,  elevator  systems,  AC- 
cordless  devices,  etc.  In  these  capacitor-systems,  EDLCs 
work  as  energy-storage  devices  for  a  temporary  period  in 
which  EDLCs  are  charged  by  solar  cells,  batteries,  AC 
sources,  inner  combustion  engines,  fuel  cells,  etc. 

6.  Future  Prospect  of  the  Capacitors 

To  attain  high  energy  density  and  power  density,  high 
reliability,  low  cost  of  EDLCs,  and  electric  circuits  for 
efficient  charges-discharges  of  EDLCs,  development  of 
new  material  for  electrodes  and  electrolytic  solutions,  and 
power  electronics  study  with  inverter-converter 
components  are  significant.  In  the  next  century,  the 
EDLC-system  will  play  an  important  role  in  the  field  of 
energy  storage  or  energy  management. 
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The  use  of  electronically  conducting  polymers 
(ECPs)  as  pseudocapacitive  electrode  materials  in  high- 
power  supercapacitors  is  a  challenge  to  overcome  the 
performance  of  carbon-based  double-layer  supercapa¬ 
citors  for  applications  requiring  high  power  levels  (1-5). 

ECPs  provide  different  supercapacitor 
configurations  but  devices  with  the  polymer  n-doped  form 
as  the  negative  electrode  and  the  p-doped  form  as  the 
positive  one  are  the  most  promising  in  term  of  energy  and 
power.  This  type  of  supercapacitor  has  indeed  a  high 
operating  voltage,  it  is  able  to  deliver  all  the  doping 
charge  and  it  has  in  the  charged  state  both  electrodes  in 
the  conducting  (p-  and  n-doped)  states. 

The  distinction  between  a  polymer-based 
supercapacitor  and  a  polymer-based  battery  is  not  very 
sharp.  In  the  early  1980’s  Kaneto  et  al.  (6)  proposed  a 
po!y(thiophene)-based  battery  in  which  the  electrodes 
become  p-  and  n-doped  upon  charge,  and  undoped  upon 
discharge.  A  criterion  that  can  be  used  to  distinguish 
batteries  and  supercapacitors  might  be  the  function  they 
are  expected  to  explicate  in  terms  of  specific  energy  and 
power.  A  supercapacitor  is  required  to  deliver  a  high 
specific  power  for  a  short  period  (10-30  s),  whereas  the 
energy  is  significantly  lower  than  that  of  conventional  and 
advanced  batteries. 

The  difficulty  to  find  conventional  polymers  that 
feature  a  truly  efficient  n-doping-undoping  process  has 
driven  research  efforts  towards  polymers  yielded  by  new, 
non  conventional  molecules.  This  study  reports  some  data 
on  supercapacitors  based  on  both  conventional  and  non 
conventional  polymers  which  can  be  p-  and  n-doped. 
Some  criteria  in  the  selection  of  polymer  electrodes  and 
cell  design  for  high  performance  supercapacitors  are 
reported  as  well  as  experimental  results  of  devices  based 
on  selected  polymer  materials.  The  replacement  of  n- 
doped  polymers  with  more  suitable  negative  electrodes 
(without  loosing  the  energy  and  power  performance  of 
supercapacitors  based  on  p-  and  n-doped  polymers)  is  also 
envisioned. 


REFERENCES 

1.  B.  E.  Conway,  in  New  Sealed  Rechargeable  Batteries 
and  Supercapacitors,  Edited  by  B.  M.Barnett,  E, 
Dowgiailo,  G.  Halpert,  Y.  Matsuda  and  Z-i.Takeara, 
Editors,  PV  93-23,  p.15,  The  Electrochemical  Society 
Proceedings  Series,  Pennington  ,  NJ  (1993) 

2.  C.  Arbizzani,  M.  Mastragostino,  B.  Scrosati  in 
Handbook  of  Organic  Conductive  Molecules  and 
Polymers,  H.S.  Nalwa,  Editor,  Vol.  4,  p.  595,  John 
Wiley  &  Sons,  Chichester,  (1997). 

3.  (a)  A.  Rudge,  J.  Davey,  I.  Raistrick,  S.  Gottesfeld  and 
J.  P.  Ferraris,  J.  Power  Sources  47,  89  (1994);  (b)  J.  P. 
Ferraris,  M.  M.  Eissa,  I.  D.  Brotherston  and  D.  C. 
Loveday,  Chem.  Mater.  10,  3528  (1998) 

4.  (a)  C.  Arbizzani,  M.  Mastragostino,  L.  Meneghello,  R. 

Paraventi,  Adv.  Mater.  8,  331  (1996);  (b)  M. 
Mastragostino,  C.  Arbizzani,  M.  G.  Cerroni  and  R. 
Paraventi  in  Electrochemical  Capacitors  II,  F.  M. 
Delnick,  D.  Ingersoll,  X.  Andrieu  and  K.  Naoi, 
Editors,  PV  96-25,  p  109,  The  Electrochemical 
Society  Proceedings  Series,  Pennington  ,  NJ  (1997);  c) 
M.  Mastragostino,  C.  Arbizzani,  R.  Paraventi  and  A. 
Zanelli,  J.  Electrochem  Soc.  147  (2),  2000;  M. 
Mastragostino,  R.  Paraventi  and  A.  Zanelli,  J. 
Electrochem  Soc.  in  press. 

5.  (a)  X.  Andrieu,  L.Josset  and  J.  F.  Fauvarque,  J.  de 
Chim.Phys.  92,  879  (1995);  (b)  A.  du  Pasquier,  J. 
Gonzales,  C.  Sarrazin  and  J.  F.  Fauvarque,  in 
Electrochemical  Capacitors  II,  F.  M.  Delnick,  D. 
Ingersoll,  X.  Andrieu  and  K.  Naoi,  Editors,  PV  96-25, 
p.  127,  The  Electrochemical  Society  Proceedings 
Series,  Pennington  ,  NJ  (1997) 

6.  K.  Kaneto,  K.  Yoshino,  Y.  Inuishi,  Jap.  J.  Appl.  Phys. 
22,  L567-L568  (1983) 


ACKNOWLEDGEMENTS 

The  authors  would  like  to  acknowledge  the  European 
Commission  for  the  financial  support  within  JOULE  III 
contract  n°  JOE3-CT97-00437  and  the  project  partners 
CNAM  (France),  ENEA’s  Department  of  Energy  (Italy), 
Arcotronics  Italia  S.p.A.  (Italy)  and  CEAC-Exide 
(France). 


Abstract  No.  54 


New  Conducting  Polymers  for  Supercapacitors  and 
Lithium  Batteries 

Katsuhiko  Naoi 

Department  of  Applied  Chemistry, 

Tokyo  University  of  Agriculture  and  Technology 
2-24-16  Naka-Cho,  Koganei,  Tokyo  184-8588,  Japan 
E-mail:  naoi_lab@cc.tuat.ac.jp 

The  author's  research  group  has  been  studying 
new  class  of  conducting  polymer  materials  which  has 
high  potential  applicability  as  high  energy/power 
electrochemical  capacitor  and  lithium  battery  materials. 
The  author  will  present  various  types  of  new  conducting 
polymer  materials(see  Fig.  1)  which  involves  the  moieties 
of  an  aniline  and  other  redox  systems  (such  as  quinone 
and  disulfide)  in  a  molecule.  These  polymers  exhibit 
stabilized  cycling  characteristics  for  more  than  103  cycles 
with  high  specific  capacities  as  compared  with  the 
conventional  conducting  polymers  like  polypyrrole, 
polyaniline,  and  polythiophene  derivatives. 

Poiy(2,  2'-Dithiodianiline)[poly(DTDA)][l],  a 
conducting  polymer  having  disulfide(S-S)  bond  in  it,  is 
proposed  here  as  a  new  class  of  high  energy  storage 
material.  DTD  A  has  one  S-S  bond  interconnected 
between  two  moieties  of  anilines.  DTDA  was 
electrochemically  polymerized  to  form  an  electroactive 
thin  film.  The  structure  of  the  poly(DTDA)  was  similar 
to  that  of  polyaniline  in  addition  that  the  S-S  bond  is 
preserved  after  electropolymerization  of  DTDA.  The 
electropolymerized  poly(DTDA)  had  enhanced  redox 
processes  due  to  an  intramolecular  electrocatalytic  effect 


of  aniline/anilinium  and  thiol/thiolate  redox  couples.  The 
poly(DTDA)  has  some  advantages  because  of  its  high 
theoretical  energy  density,  fast  kinetics  and  high  electrical 
conductivity.  The  discharge  test  of  a  Li/Gel 
e!ctrolyte/poly(DTDA)  cell  showed  good  discharge 
behavior  with  an  energy  density  in  excess  of  675  Wh  kg1- 
cathode. 

A  poly(l,5-diaminoanthraquinone) 
[poly(DAAQ)][2]  film,  a  new  class  of  conducting 
polymer  which  is  a  hybrid  of  an  aniline  and  a 
benzoquinone.  A  poly(DAAQ)  film  showed  high 
electrical  conductivity(0.3-2.0  S  cm1)  and  reproducible 
redox  cycling  behavior  in  a  wide  range  of 
electrochemically  active  potential  window(2.3  V  span). 

By  utilizing  poly(DAAQ)  films  as  both  anode  ( rc- 
conjugated  system  of  the  polymer)  and  cathode  (quinone 
redox  reaction)  one  can  construct  a  novel  type  of 
electrochemical  capacitor  device.  The  charge-discharge 
mechanism  for  poly(DAAQ)  /  poly(DAAQ)  capacitor  is 
similar  to  that  with  Type  III  (p-  and  n-doping) 
polythiophene  derivatives  which  are  regarded  as  the  most 
promising  conducting  polymers  in  terms  of  energy  and 
power  densities.  A  poly(DAAQ)  /  poly(DAAQ) 
electrochemical  capacitor  exhibited  higher  specific  energy 
(46  Wh  kg*1)  and  power  (30  kW  kg'1)  than  those  for 
conventional  conducting  polymer  materials. 
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Figure  1  Theoretical  specific  capacities  for  various  proposed  conducting  polymers 
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Tin  /  Tin  oxide  thin  film  electrodes  for  lithium-ion 
batteries. 


Figure  I  :  XRD  patterns  of  sputter  deposited  thin 
films  elaborated  under  argon  plasma  P  =  l  O'2  Torr. 
(a)  30  W,  (b)  50W,  (c)  70  W. 
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Thin  film-based  lithium-ion  batteries  have  high 
energy  density  and  are  capable  to  power 
microelectronics  devices  such  as  computer  memory 
chips,  implantable  medical  sensors,  smart  cards, 
etc... 

Vitreous  matrixes  are  well  suited  to  the  production 
of  thin  film-based  host  electrode  allowing 
insertion/dc-insertion  of  lithium  ions  without  major 
change  in  volume.  As  a  consequence,  a  better 
cycleability  may  be  expected,  the  capacity  losses 
often  being  the  result  of  a  partial  destruction  of  the 
core  structure  of  the  electrode. 

Carbon  based  electrodes  are  widely  used  as  the 
anode  in  lithium-ion  batteries,  but  promising  results 
were  recently  obtained  with  tin-based  composite 
oxides  (TCOs)  including  bulk  [1]  as  well  as  thin 
film  electrodes  [2,  3]. 

Since  the  electrochemical  reversible  part  of  the 
TCOs  materials  can  be  attributed  to  the  alloying/de¬ 
alloying  process  [3,4,5],  our  objective  was  to 
increase  the  tin  amount  while  keeping  up  the 
coexistence  with  the  wrapping  glassy  matrix.  In  this 
way,  sputter  deposited  thin  films  were  elaborated 
from  a  Sn  /  SnP04Bo402  9  composite  target  with  an 
high  Sn/matrix  ratio. 

Physical  and  chemical  characteristics  of  the  thin 
films  were  investigated.  Depending  on  the 
sputtering  conditions,  diffraction  peaks 

corresponding  to  metallic  tin  were  observed  by 
XRD  (figure  1).  SEM  was  used  to  measure  the 
thickness  of  the  layers  and  figure  2  shows  a  cross 
sectional  view  of  a  sputtered  thin  film  elaborated 
under  argon  plasma.  XPS  and  EDX  measurements 
were  carried  out  on  the  thin  layers.  Electrical 
conductivity  of  the  thin  films  is  close  to  2  S  cm'1,  a 
mid  value  between  the  conductivity  of  the  bulk 
vitreous  matrix  (10*7Scm'1)  and  metallic  tin  (10s 
Scm'1). 

Regarding  the  electrochemical  behavior,  the 
average  value  of  potentials  corresponding  to  the 
uptake  and  release  of  Li  ions  occurred  at  0.5  V/Li 
and  0.7  V/Li  respectively  (l“  cycle  excepted). 
Running  tests  on  thin  film  electrodes  are  currently 
in  progress  to  obtain  the  best  compromise  between 
high  specific  capacity  and  cycleability. 
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Figure  2  :  Cross  sectional  view  of  a  sputtered  thin 
film  elaborated  under  argon  plasma. 
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To  overcome  poor  charge-discharge  cycleability  of 
lithium  (Li)  metal  anodes,  we  have  modified 
physicochemical  characteristics  of  a  Li  interface  by  our 
techniques  proposed  recently:  (i)  optimization  of  a  Li 
metal  interface  by  utilizing  electrolyte-temperature 
effects,  (ii)  modification  of  a  Li  interface  with 
electrochemically  active  additives  in  electrolytes.  In  this 
regard  we  recently  found  that  low-temperature 
“precycling”  improves  Li  cycleability  in  PC/DMC  with 
LiPF^  (1)  and  that  some  additives  such  as  AII3  and  Mgl2 
enhance  Li  cycling  efficiency  in  appropriate  electrolytes 
(2,3).  We  reports  herein  extended  investigation  based  on 
such  approaches  under  various  conditions. 

1.  Electrolyte-temperature  effects  on  Li  metal  interface 
properties 

Low-temperature  (253  K)  precycling  considerably 
reduced  impedance  at  a  Li  interface  in  PC/DMC  with 
LiPF^j,  and  high  efficiency  cycling  of  a  Li  anode  was 
observed  at  the  low  temperature  and  even  after  elevating 
temperature  to  298  K  (1).  In  PC/DMC  with  a  Li  imide, 
Li(C2F5SC>2)2N  (LiBETI),  an  uniform  Li  interface  was 
observed  with  an  in  situ  CCD  microscope  during  cycling 
especially  at  such  a  low  temperature.  This  favorable 
interface  brought  about  extended  cycling,  more  than  350 
cycles  corresponding  to  an  efficiency  of  98  %  with  depth 
of  discharge  of  10  %.  In  this  electrolyte  system, 
furthermore,  the  cycling  efficiency  at  a  high  temperature 
(323  K)  was  found  to  be  comparable  to  that  at  a  room 
temperature  (298  K).  In  contrast  to  the  results  obtained  in 
the  LiPF^  system,  however,  change  of  electrolyte 
temperature  during  cycling  reduced  the  efficiency  in  the 
LiBETI  electrolyte.  Thus,  the  LiBETI  electrolyte  should 
be  favorable  for  Li  cycling  under  constant-temperature 
conditions. 

Based  on  ac  impedance  analysis,  it  was  found  that 
the  low-temperature  cycling  in  the  LiBETI  system 
provides  a  thin  and  uniform  LiF  film  at  the  Li  interface; 
this  film  would  contribute  to  the  high  efficiency  at  the  low 
temperature.  The  impedance  analysis  suggests,  however, 
this  film  would  be  broken  with  a  drastic  change  of 
electrolyte  temperature.  It  is  concluded  that  one  can 
realize  modification  of  a  Li  interface  favorable  to  Li 
cycling  by  appropriate  electrolyte  temperature  control 
suitable  for  respective  electrolyte  systems. 


2.  Control  of  a  Li  metal  interface  by  metal  iodide 
additives 

Addition  of  Mgl2  to  LiPF^-PC/DMC  improved  Li 
cycleability  while  AII3  addition  reduced  the  cycleability 
because  of  solvent  fluorination  via  LiPF^  decomposition 
with  AII3  at  a  Li  interface  (2).  By  contrast,  in  LiBETI- 
PC/DMC  the  addition  of  both  the  additives  resulted  in  an 
excellent  efficiency,  ca.  95  %.  Based  on  the  observation 
of  the  interface  in  the  LiBETI  system  containing  AII3 
with  the  in  situ  CCD  microscope,  a  surface  layer  had  hilly 
Li-Al  (or  Mg)  alloy  without  mossy/dendritic  Li.  Such 
macroscopic  structure  would  be  suitable  for  the  cycling 
than  fine  dendritic  (or  mossy)  structure. 

It  is  notable  that  in  the  LiBETI-PC/DMC  system  a 
Li  electrode  cycled  in  the  presence  of  Mgl2  at  the  initial 
cycle  showed  high  cycleability  in  the  subsequent  cycles 
even  without  Mg^.  This  result  suggests  that  the  additives 
would  be  regarded  as  promising  “pretreatment  reagents” 
for  the  cycleability  enhancement  of  a  Li  electrode; 
undesirable  reactions  such  as  self-discharge  caused  by  the 
additives  can  be  avoided  if  the  “additives”  are  not  used  as 
additives  in  electrolytes  but  utilized  as  pretreatment 
reagents. 
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In  lithium  ion  rechargeable  batteries,  the 
problem  of  passive  film  formation  on  the  surface  of 
carbon  anode  during  the  first  cycle(s)  has  still  not  been 
solved  to  a  satisfactory  degree.  On  one  hand,  the 
passive  film  formation  consumes  irreversibly  a 
considerable  amount  (15-35%)  of  the  lithium  present  in 
the  cathode  upon  cell  assembly  while,  on  the  other 
hand,  the  passive  film  itself  represents  an  additional 
barrier  for  lithium  ion  transfer  during  cycling.  Since 
the  formation  of  a  passive  film  cannot  be  avoided  due 
to  thermodynamical  reasons1,  the  reduction  of  the 
problem  is  limited  to  optimisation  of  the  film 
properties. 

The  film  properties  can  be  influenced  through 
selection  of  the  type  of  carbon  used2,  selection  of 
electrolyte  composition24,  electrolyte  modification 
using  additives  ,  and  through  pretreatment  of  carbon 
particles  leading  to  appropriate  surface  modification6'8. 

In  this  paper,  we  present  an  approach  in  which 
carbon  (graphite)  particles,  before  being  used  in  the 
conventional  procedure  of  anode  preparation,  are 
pretreated  in  an  aqueous  solution  of  a  polyelectrolyte9. 
The  polyelectrolyte  solution  may  be  modified  by 
appropriate  addition  of  salt(s),  surfactant(s)  etc.  in  such 
a  way  that  a  maximum  adsorption  of  polyelectrolyte 
molecules  on  carbon  particle  surface  occurs.  The 
adsorbed  polyelectrolyte  molecules  contain  a  large 
number  of  active  groups  (cationic,  anionic  and 
nonionic)  which  may  serve  as  nucleation  sites  for 
passive  film  formation. 

Various  polyelectrolyte  types  have  been  tested 
on  various  carbon  particle  types.  Tipically,  the  Li  loss 
on  pretreated  particles  in  the  first  cycle  is  as  low  as  1 0- 
15%,  while  the  reversible  capacity  remains  higher  than 
300  mAh/g  (current  rates  between  to  C/7  and  C/3  have 
been  checked). 

As  regards  the  influence  of  polyelectrolyte 
molecules  on  passivation,  the  results  are  explained  in 
terms  of  a  generalised  passivation  model  verified  using 
impedance  spectroscopy  measurements.  In  a  recent 
paper10,  we  showed  that  the  high  surface  density  of 
nucleation  sites  should  in  principle  lead  to  uniform 
film  growth  over  entire  particle  surface  rather  than  to  a 
coarse  and  porous  film  as  occuring  in  conventional 
systems.  Moreover,  the  poly  electrolyte  molecules 
selected  for  the  present  investigation  have  a  sticky 
character  and  some  of  them  extend  far  away  from  the 
particle  surface  (up  to  0.5  pm).  These  special 
properties  help  carbon  particles  to  bind  together 
strongly  enough  that  no  conventional  binder  has  to  be 
added  to  the  anode  material  to  prepare  mechanically 
stable  anodes.  The  binding  properties  of  the 


polyelectrolyte  molecules  are  explained  on  the  basis  of 
separate  Atomic  Force  Microscopy  experiments. 
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Lithium-ion  batteries  are  state-of-the-art  power  sources 
for  portable  electronics  and  also  show  promise  for  use  in 
electric  vehicles  (EVs).  The  development  of  a  new 
generation  of  lithium-ion  batteries  demands  new  cathode 
and  anode  materials  with  high  energy  density.  The 
capacity  of  carbon  anode  materials  has  been  improved 
greatly  in  the  past  few  years  from  early  types  of  soft 
carbons  (200-240  mAh/g)  to  more  recent  MCMB 
graphites  (300-340  mAh/g).  Some  carbonaceous 
compounds  (hard  carbon)  have  demonstrated  even  higher 
capacity  of  about  700  mAh/g.  In  addition  to  carbon 
materials,  some  binary  or  ternary  lithium  alloys  and 
intermetallic  alloys  have  recently  attracted  worldwide 
attention.  In  Particular,  tin  was  used  as  the  active  element 
because  it  can  combine  with  Li  to  form  Li22Sn5  alloys 
with  a  theoretical  capacity  of  990  mAh/g.  The  main 
shortcoming  for  Sn  and  MSn  alloys  is  the  volume 
expansion  during  the  process  of  alloying  with  Li,  which 
causes  crumbling  and  cracking  of  the  electrode,  inducing 
a  very  short  cycle  life. 

The  objective  of  this  research  was  to  utilize  the  high 
lithium  storage  capacity  of  Sn  and  the  stable  cyclability  of 
graphite.  Graphite-tin  composites  with  different  content 
of  tin  were  prepared  by  high  energy  ball  milling.  The 
element  Sn  was  nano-dispersed  in  a  ductile  carbon  matrix. 
The  physical  properties  and  microstructure  of  the  C-Sn 
composites  were  characterized  by  XRD,  TEM  and 
HREM.  The  electrochemical  performance  of  the 
composites  as  anodes  in  lithium  cells  was  tested  using 
coin  cells. 

Typical  XRD  patterns  of  the  ball-milled  C-Sn  composites 
are  shown  in  Fig.  1 .  The  diffraction  peaks  of  graphite  and 
Sn  became  very  broad,  indicating  the  decrease  of  the 
crystalline  size.  The  crystalline  size  of  C  and  Sn  was 
calculated  to  be  2-10  nm.  The  diffraction  line  (002)  of 
graphite  shifted  to  a  lower  angle,  corresponding  to  the 
increase  of  the  interlayer  distances  (doo2)-  Through  ball¬ 
milling,  the  elementary  Sn  was  embedded  in  the  C  matrix 
on  a  nanometer  scale. 

The  discharge/charge  profiles  of  the  ball  milled  graphite 
and  one  of  the  C-Sn  composite  electrodes  are  shown  in 
Fig.  2.  The  first  discharge  capacities  for  ballmilled  C, 
C0.9Sno.i  and  C0.8Sn0.2  electrodes  were  820  mAh/g,  1250 
mAh/g  and  1070  mAh/g  respectively.  With  the  addition 
of  Sn  in  graphite,  the  specific  capacity  increased  but  not 
in  proportion  to  the  Sn  content.  The  Co.gSno.i  composite 
electrode  demonstrated  the  highest  capacity  and  good 
reversibility. 

A  C-Sn  composite  anode  with  2-3  times  the  capacity  of 
MCMB  and  good  cycle  life  might  be  achieved  by 
optimizing  the  preparation  of  graphite-tin  composites. 

^Corresponding  author,  email:  gwl4@uow.edu.au. 


Fig.  1 .  Typical  XRD  patterns  of  ball  milled  graphite  and 
graphite-tin  composite. 


Fig.  2.  The  charge/discharge  profiles  of  graphite-tin 
composite  electrodes. 
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Abstract 

Various  Carbonaceous  materials  are  used  in  lithium- 
ion  battery  as  anode  materials,  such  as  petroleum 
coke,  treated  artificial  graphite,  nature  graphite, 
mesophase  carbon  microbeads  (MCMB),  carbon 
fiber,  graphite  fiber  and  hard  carbon,  etc.  Low 
irreversible  capacity  loss  is  one  of  the  principle 
requirements  for  carbonaceous  materials.  The 
treatment  of  Carbonaceous  materials  and  the 
selection  of  electrolyte  are  the  key  to  reduce  the 
irreversible  capacity  loss.  The  intercalation  / 
deintercalation  properties  of  MCMB,  graphite, 
carbon  and  carbon  fiber  were  studied  in  coin  cells,  in 
which  the  domestic  MCMB  showed  good 
performance.  The  reversible  capacity  of  the 
domestic  MCMB  is  up  to  310-320mAh/g.  The 
cycling  life,  low  temperature  performance  and  rate- 
discharge  performance  of  18650  size  lithium-ion 
cells  with  domestic  MCMB  as  anode  materials  were 
also  studied  in  this  paper.  The  first  discharge 
capacity  of  18650  size  cells  is  over  1.4Ah  at  1C.  The 
domestic  MCMB  showed  excellent  performance. 
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Superdense  lithium  graphite  intercalation  compounds 
(GIC)  with  x,  in  LixC6,  as  high  as  3  were  obtained  only 
at  high  temperatures  and  under  high  pressures  (1-4). 
After  release  of  the  pressure  the  Li3C6  phase 
decomposes  to  yield  a  U2.67C6  phase  which  is  stable  for 
several  of  months  N3.  This  phase  is  yellow  2  while  the 
color  of  Li|C6  is  golden.  The  superdense  phases  have 
the  same  c  value  (3.7A)  and  their  other  physical 
properties  are  similar  to  those  of  Li^  stage  1  phase4. 
The  goal  of  this  work  was  to  synthesize  superdense 
LixC6  (x  larger  than  1)  by  electrochemical  means  at 
room  temperature  and  under  atmospheric  pressure. 
Here  we  report  preliminary  results.  We  used  pristine 
NG7  and  8  to  9.5  %  burnt  NG7.  We  use  oxidized 
graphite  as  it  has  a  higher  capacity  and  better  stability 
.  In  several  attempts  we  obtained  yellow  GIC 
samples.  Fig.  1  presents  XRD  patterns  (obtained  with  A 
=  1.5406  A)  for  a,  common  LixC6  where  x  is  close  to 
(but  smaller  than)  1;  b,  x  about  1.55;  c,  x  about  1.1. 
Under  our  experimental  test  conditions  the  Li  GIC 
reacts  slowly  with  the  air  that  penetrates  the  sample. 
The  positions  of  the  002  peaks  of  both  the  x=l  and  x= 
0.5  phases  of  the  three  samples  are  similar.  This  is  in 
agreement  with  recent  finding  4,  We  could  not  find  any 
rationale  for  the  peaks  at  the  small  angles.  However 
these  peaks  do  not  exist  in  the  Li[Ce  phase.  After  24 
hours  the  XRD  patterns  of  all  the  samples  turn  (due  to 
air  penetration)  to  the  common  pattern  of  pristine 
graphite.  Fig.  2  depicts  the  intercalation  - 
deintercalation  curves  for  9.5  %  burnt  superdense 
Lii.7C6  sample  (dotted  line)  in  comparison  to  curves  for 
a  common  LiiC6  sample  (smooth  line).  Intercalation 
was  carried  out  at  0.1  mA/cm2  to  5  mV  vs.  Li  plus  4 
hours  at  5mV,  deintercalation  was  at  0.1  mA/cm2. 
After  the  superdense  phase  was  obtained,  capacity 
dropped  and  it  took  about  four  cycles  to  return  to  a 
normal  (x=l)  behavior.  It  can  be  seen  (Fig.  2)  that  the 
intercalation  potential  for  the  superdense  phase  is 
higher  than  that  of  the  common  stage  1  phase.  The 
deintercalation  potential  for  the  stage  1  and  beyond  is 
lower  than  that  for  the  common  stage  1 .  At  stage  2  and 
at  higher  stages  the  intercalation  curves  of  the 
superdense  GIC  and  that  of  the  common  coincide.  At 
this  stage  of  the  research  we  are  far  from  controlling  the 
conditions  for  the  electrochemical  formation  of 
superdense  lithium  GIC.  Much  work  is  needed  to 
understand  this  system. 
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Recent  works(1,2)  have  demonstrated  that 
carbons  obtained  by  pyrolyzing  organic 
precursors  such  as  phenolic  and  epoxy  resins 
at  low  temperature  can  reversibly  intercalate 
Li  atoms  with  capacities  greater  than  that  of 
graphite  (=372  mAh/g).  Most  of  these  carbons 
were  found  to  be  disordered  and  contain  a 
large  fraction  of  single  graphene  layers  that 
have  large  amount  of  nanoporosity.  In  the 
present  study,  carbon  was  synthesized  by 
pyrolyzing  organic  precursors  of  coal  tar  pitch 
under  the  condition  preferentially  to  form 
anisotropic  mesophase  pitch,  then  its 
electrochemical  performance  as  an  anode  for 
the  Li-ion  cell  was  investigated. 

In  pyrolyzing  process  the  coal  tar  pitch  was 
held  in  a  quartz  tube  furnace  flowing  N2  gas  at 
300*  for  3hrs  at  the  first  stage  to  remove  the 
low  molecular  weight  compounds,  then  heated 
at  400  •  for  3hrs  to  enhance  the  formation  of 
anisotropic  mesophase  at  the  second  stage 
prior  to  being  cooled  down  to  room 
temperature.  In  order  to  extract  anisotropic 
mesophases  the  pitch  was  dissolved  in 
tetrahydrofuran  (THF)  solution  for  a  day  and 
washed  by  ethanol.  The  solidified  pitch  was 
then  heat  treated  at  various  temperatures 
ranging  from  700*  to  1300*  for  lhr  in  N2 
atmosphere.  Carbon  electrodes  were  prepared 
by  coating  slurries  of  carbon  powders  and 
poly vinylidene  fluoride  (PVDF)  dissolved  in 
N-methyl  pyrrolidinone  (NMP)  on  a  copper 
foil.  The  electrochemical  experiment  was 
carried  out  in  the  three-electrode  glass-cell 
using  lithium  foils  as  the  counter  and 
reference  electrodes.  The  electrolyte  was  made 
by  dissolving  1  M  LiPF6  in  a  mixture  of 
ethylene  and  diethyl  carbonates  as  50:50  by 
volume.  The  electrochemical  tests  were 
performed  using  a  potentiostat/gal  vanostat 
(EG&/G  inst.  Co.  263A) 

Fig.l  shows  the  extracted  anisotropic  mesophase 
pitches  which  are  spherical  particles  below  30  *  - 
diameter.  Fg. 2  shows  the  reversible  capacity  and 
irreversible  capacity  as  a  function  of  heat 
treatment  temperature  for  the  pyrolyzed 
carbons  without  extraction  (solid  lines)  and 
with  extraction  of  anisotropic  mesophases 
from  the  coal  tar  pitch  (dotted  lines), 
respectively.  As  the  heat  treatment 
temperature  increased,  the  reversible  capacity 
for  the  coal  tar  pitch  carbon  (CTPC)  increased 
progressively  by  about  1000*  ,  while  the 
irreversible  capacity  decreased  continuously.  Also,  a 
carbon  of  anisotropic  mesophase  by  the  THF 
extraction  shows  higher  reversible  capacity 
(Crev)  and  lower  irreversible  capacity  (Cirr) 
than  carbons  without  extraction.  Fig. 3  shows 


the  charge/discharge  capacities  with  cyclic 
number  for  the  CTPC  which  was  pyrolyzed, 
extracted  and  heat-treated  at  900*  .  Discharge 
capacity  decreased  significantly  at  the  first 
cycle,  and  then  gradually  by  about  220  mAh/g 
after  the  2nd  cycle.  Also,  the  difference  in 
capacity  between  discharge  and  charge 
occurred  with  large  amount  of  about  300 
mAh/g  at  the  1st  cycle  and  a  little  amount  of 
less  than  30  mAh/g  after  2nd  cycle  number. 

In  addition  the  BET  surface  area, 
crystallization,  and  cyclic  voltammogram  were 
analyzed  for  the  CTPC. 
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Fig.l  SEM  micrograph  of  anisotropic  meso¬ 
phase  carbons  by  extraction. 


Haat  traatmant  tamparatura  (j£> 

Fig.2  Reversible  capacity  and  irreversible  capacity  vs. 
heat  treatment  temperature  for  carbons  pyrolyzed  from 
the  coal-tar  pitch  without  extraction(solid  line),  and  with 
extraction  of  mesophase.(dotted  line). 

Fig. 3  Capacity  as  a  function  of  cycle  number  for  carbons 
extracted  and  heat  treated  at  900*  . 
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Tin  based  sub-micron  alloys  and  glasses  are  potential 
candidates  for  the  anode  of  the  lithium-ion  battery.  These 
materials  are  produced  in  several  ways:  glass  formation 
and  grinding,  mechanical  alloying  by  ball  milling,  and 
electrochemical  deposition.  The  processes  of  glass 
formation  and  ball  milling  are  costly  and  time  consuming. 
We  present  here  a  fast  electrochemical  method  for  the 
preparation  of  tin-  and  zinc-based  nanostructure  alloys, 
directly  on  the  current  collector,  with  no  need  for  a 
polymeric  binder. 

Two  important  properties  make  tin  and  zinc  alloys 
promising  candidates  for  use  as  anodes  in  lithium-ion 
batteries:  high  reversible  capacity  and  high  melting  point 
of  the  LixM  phases.  It  has  been  shown  that  reducing  the 
size  of  the  tin  alloy  particles  results  in  a  longer  cycle  life. 
It  was  also  proven  that  the  aggregation  of  tin  nano¬ 
particles  to  form  larger  agglomerates  is  delayed  when 
spectator  atoms  are  present  within  the  tin  matrix. 

In  this  work  we  studied  electrochemical  methods  of 
preparation  of  nanostructure  tin  and  zinc  alloys  containing 
50-  90%  (v/v)  tin  or  zinc  and  other  elements  including 
antimony  and  copper.  The  plating  takes  less  then  5 
minutes  per  electrode.  Fractal-like  or  honeycomb 
morphologies  were  obtained.  The  thickness  of  the  particles 
or  the  honeycomb  wall  is  generally  less  than  lOOnm. 
Anodes  made  from  tin  and  zinc  alloys  were  cycled  versus 
lithium  between  0  to  1.0V  in  1M  LiPF6  EC/DEC  solutions 
and  at  current  densities  of  0.02  and  0.2  mA/cm2.  Tin- 
copper-antimony  alloys  have  capacities  of  350-700mAh/g 
depending  on  the  alloy  composition. 

The  anode  with  the  best  performance  was  a  tin-copper- 
antimony  alloy  that  gave  400mAh/g  (based  on  the  total 
electrode  mass  excluding  the  current  collector). 

This  electrode  had  over  30  stable  100%  charge-discharge 
cycles  with  a  capacity  loss  of  0.13%  per  cycle. 

Zinc-tin  alloys  with  Zn:Sn  6:1  atomic  ratio  have  a 
capacity  of  250mAh/g  for  10  stable  100%  charge- 
discharge  cycles  with  a  capacity  loss  of  0.9%  per  cycle. 
XRD  patterns  of  tin-zinc  alloys  show  only  the  typical 
peaks  for  each  element,  indicating  the  existence  of  micro¬ 
phases  of  pure  tin  and  pure  zinc.  This  finding  is  in 
disagreement  with  the  tin-zinc  phase  diagram,  which 
shows  solid  solution  behavior. 

The  correlation  among  capacity,  cycle  life,  alloy 
composition,  and  morphology  will  be  addressed. 


Abstract  No.  63 


Irreversibility  Compensation  of  SnO  Anodes 
by  Li2.6Coo.4N 

J.  Yang,  Y.  Takeda,  N.  Imanishi,  and  O.  Yamamoto* 
Department  of  Chemistry,  Mie  University 
Kamihamacho,  Tsu,  Mie  514-8507,  Japan 
*  Genesis  Research  Institute,  INC.,  Nagoya,  Japan 

Since  Idota  et  al.  found  that  amorphous  Sn-based 
composite  oxide  possessed  a  high  reversible  capacity  and 
satisfied  cycle  life  [1],  SnO  and  related  materials  have 
been  intensively  investigated  for  anodes  in  lithium  ion 
batteries.  It  is  believed  that  highly  dispersed  active  Sn- 
domains  in  inert  phases  such  as  Li20  greatly  alleviates  the 
volume  effect  of  the  electrode  and  suppresses  the 
aggregation  of  the  active  phase,  which  significantly 
improves  the  cycle  stability.  However,  a  conversion  of  tin- 
bond  oxygen  into  Li20  produces  a  high  irreversible 
capacity  at  the  first  cycle,  which  limits  the  potential 
application  of  electrodes  of  this  kind.  In  this  study,  we  try 
to  compensate  this  irreversibility  by  Li26Co04N.  The  first 
Li-insertion  and  -extraction  capacity  of  Li2.6Co0.4N  is, 
respectively,  about  70  mAh/g  and  over  800  mAh/g.  Such  a 
Li-rich  compound  should  be  able  to  compensate  the  initial 
irreversible  capacity  of  the  SnO  host,  if  these  two  host 
materials  are  combined  together. 

Three  types  of  SnO  powders  with  different  particle  sizes 
were  used  for  the  mixed-host  electrodes.  Fig.l  shows  the 
first  charge-discharge  profiles  for  SnO  and  mixed-host 
electrodes  in  1M  LiC104/EC+DEC.  A  high  efficiency 
close  to  100%  is  obtained,  when  65%  SnO  (particle  size: 
10-30  pm)  is  mixed  with  35%  Li2.6Co0.4N  to  form  an 
electrode.  There  is  a  potential  plateau  near  0.95  V  vs. 
Li/Li+  for  SnO  electrode,  which  is  related  to  the  reduction 
of  SnO  into  metallic  Sn.  After  introducing  Li26Co04N 
powder  into  the  electrode,  this  potential  plateau  almost 
disappears.  It  means  that  lithium  can  directly  be 
transferred  from  Li2  6Co0.4N  into  SnO  to  form  Li20  and  Sn 
before  cycling.  The  cycle  stability  of  the  mixed-host 
electrodes  is  strongly  dependent  on  the  SnO  particle  size 
and  the  kind  of  electron  conductors  within  the  electrodes. 
The  best  capacity  retention  was  obtained  with  an  ultrafine 
SnO  powder  (<  0.2  pm)  prepared  by  chemical 
precipitation  (Fig.  2).  X-ray  diffraction  measurement 
indicates  that  the  ultrafine  SnO  has  been  reduced  to 
metallic  Sn  before  the  electrode  is  soaked  into  an 
electrolyte.  With  an  increase  in  the  SnO  particle  size,  only 
part  of  the  SnO  can  be  transferred  into  metallic  Sn  before 
soaking.  This  can  be  attributed  to  a  slow  reaction  kinetic 
due  to  poor  connection  and  small  contact  area  between  the 
two  active  materials.  The  complete  SnO  reduction  usually 
occurs  after  the  electrode  is  soaked  in  the  electrolyte  for 
over  2  hrs.  The  larger  the  SnO  particles,  the  greater  the 
volume  effect  and  the  stronger  the  tendency  to  aggregation 
of  active  Sn  phase.  This  results  in  a  fast  degradation  of  the 
electrode  based  on  coarse  SnO  particles. 


Fig.  1.  A  compensation  of  irreversible  capacity  of  SnO 
host  by  Li2.6Coo.4N  in  the  first  cycle.  ic  —  id  —  0.4  mA/cm2. 


Fig.  2.  Cycling  behavior  of  SnO/Li26Co04N  composite 
electrodes  with  different  SnO  particle  size. 
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A  graphite  is  one  of  the  most  attractive  materials  as 
a  negative  electrode  for  lithium-ion  batteries  because  of 
the  lowest  operating  voltage  among  the  insertion 
materials  reported  so  far,  excellent  rechargeability, 
highest  volumetric  capacity  of  ca.  600  mAh  cm'3  based  on 
the  observed  density  and  rechargeable  capacity,  and 
nontoxicity  in  addition  to  an  economical  reason. 
Solid-state  electrochemical  reaction  of  graphite  was 
known  to  be  two-phase  reactions  mainly  consisting  of  the 
1st  /  2nd,  2nd  /  3rd,  3rd  /  4th  stage  compounds.  Two- 
phase  reactions  associated  with  the  staging  phenomena 
are  characteristic  of  graphite  forming  the  lithium-graphite 
intercalation  compounds  in  which  diffusing  away  of 
lithium  ions  or  atoms  due  to  concentration  gradient  in  the 
solid  matrix  are  hardly  imagined. 

The  negative  electrodes  for  lithium-ion  batteries 
are  normally  made  of  graphite  powder  with  an  organic 
binder.  The  negative  electrode  layers  with  thickness  of 
30-100  pm  depending  on  the  cell  design  for  specific 
application  are  usually  formed  on  a  thin  copper  foil  which 
is  a  current  feeder  or  collector,  also  a  media  to  transfer 
heat  from  inside  a  cell  to  outside  in  practical  high-volume 
lithium-ion  batteries.  The  densities  of  negative  electrode 
layers  based  on  the  weight  of  electrode  mix  and  thickness 
are  usually  low  compared  with  the  XRD  density  of 
graphite  (2.27  g  cm'3),  indicating  a  porous  matrix 
consisting  of  graphite  particles  glued  together  with  binder. 

Figure  1(a)  shows  the  Cole  -  Cole  plots  of  the 
impedance  data  of  the  lithiated  graphite  electrode  in  a 
coexistence  region  of  the  1st  /  2nd  stages.  The  locus  of 
the  Cole  -  Cole  plots  consists  of  two  distinct  regions,  i.e., 
a  semi-arc  in  a  high-frequency  region  and  a  sloping  line  in 
a  low-frequency  region.  As  frequency  decreased  below 
0. 1  Hz,  the  line  with  an  angle  of  45  degrees  with  respect 
to  the  real  axis  appeared  in  the  locus  of  the  impedance 
data,  indicating  a  diffusion  process.  We  tried  to  calculate 
a  diffusion  coefficient  by  a  usual  method  from  the 
impedance  data.  As  can  be  seen  in  Fig.  1(b),  both  Z' 
versus  f 1/2  and  -Z"  versus  f 1/2  plots  exhibit  almost  parallel 
lines,  in  which  -Z"  versus  f 1/2  line  approaches  the  origin 
of  the  plot  as  frequency  increases.  From  the  slope  of  the 
lines  in  Fig.  1(b)  and  geometrical  surface  area  of  the 
graphite  particles,  the  diffusion  coefficient  was  calculated 
to  be  the  order  of  10'16  cm2  s'1,  which  was  not  a  realistic 
value.  If  the  diffusion  coefficient  in  a  solid  matrix  was 
the  order  of  10' 16  cm2  s'1,  it  would  take  at  least  a  year 
depending  on  a  graphite  particle  size  to  consume  or 
accumulate  half  of  lithium  ions  in  the  first  stage 
compound  of  LiCg.  Conversely,  the  diffusion  coefficient 
analyzed  by  assuming  lithium  salt  diffusion  in  an  organic 
solvent  gave  a  reasonable  value  of  about  10'8  cm2  s'1 
which  was  consistent  with  the  diffusion  coefficient 
observed  for  a  lithium  metal  electrode  in  the  same 
electrolyte. 

Figure  2  shows  the  chronoamperograms  together 
with  the  capacity  (quantity  of  electricity  passed)  curves 
for  the  oxidation  of  the  first-stage  compound  at  a  constant 


voltage,  in  which  the  current  (mA  g'1)  and  the  charge 
(mAh  g'1)  are  given  based  on  the  mass  of  graphite  in  the 
electrode.  A  rate-capability  is  highly  influenced  by  a  free 
volume  inside  a  porous  electrode  matrix  consisting  of 
graphite  particles  and  binder.  A  rate-determining  step  of 
the  charge  and  discharge  reaction  and  possible  ways  to 
improve  the  kinetic  problems  of  a  graphite  electrode  for 
lithium-ion  batteries  will  be  discussed  therefrom. 


z-  /  Cl 


r  / 

Fig.  1  (a)  Cole  -  Cole  plots  of  the  impedance  data  for  the 
lithiated  graphite  electrode  at  x  =  0.73  in  LixC6  in  1M 
LiCl04  EC/DME  (1/1  by  volume)  solution  and  (b)  Z'  or  - 
Z"  versus  f 1/2  plots,  where  f  indicates  frequency  in  Hz. 
The  electrode  consisted  of  97  wt%  graphite  and  3  wt% 
Teflon.  Graphite  sample  weight  and  geometrical 
electrode  area  were  54.5  mg  and  3  cm2. 


t  /  min 

Fig.2  Chronoamperograms  and  capacity  curves  given 
based  on  the  mass  of  graphite  for  the  oxidation  of  the 
first-stage  compound  at  0.5  V  vs.  Li.  The  electrode  mix 
consisted  of  (a)  97  wt%  graphite  (57.9  mg)  and  3  wt% 
Teflon,  and  (b)  60  wt%  graphite  (28.9  mg),  20  wt% 
acetylene  black,  and  20  wt%  Teflon. 


mAh  g" 


Abstract  No.  65 


Direct  Evidence  on  Anomalous  Expansion  of 
Graphite  Negative  Electrodes  on  1st  Charge  by 
Dilatometry 

Tsutomu  Ohzuku,  Naoki  Matoba,  and  Keijiro  Sawai 

Electrochemistry  and  Inorganic  Chemistry  Laboratory, 
Department  of  Applied  Chemistry, 

Faculty  of  Engineering, 

Osaka  City  University 

Sugimoto  3-3-138,  Sumiyoshi,  Osaka  558-8585,  Japan 

A  graphite  has  been  of  great  interest  as  a  negative 
electrode  material  for  lithium-ion  batteries  among  battery 
researchers  and  electrochemists.  A  characteristic  feature 
of  lithium-graphite  intercalation  compounds  is  a  staging 
phenomenon  with  a  periodic  sequence  of  lithium- 
intercalated  layers  between  graphite  sheets.  When 
lithium  is  intercalated  into  graphite  matrix,  the  interlayer 
distance  between  graphite  layers  increases  about  10  %, 
which  has  been  followed  by  XRD.  However,  a  change  in 
electrode  thickness  via  visual  inspection  especially  on  the 
first  reduction  of  graphite  is  often  larger  than  that 
expected  from  XRD  data.  We  could  not  so  far  express 
directly  and  efficiently  such  observation.  In-situ 
measurement  to  monitor  a  change  in  electrode  thickness 
will  give  important  information  which  aids  systematic 
investigation  of  materials  for  advanced  lithium  batteries. 
We  report  here  a  dilatometer  technique  to  follow  directly 
a  change  in  electrode  thickness  and  introduce  it  to 
graphite  electrode  in  nonaqueous  electrolytes,  focusing  on 
the  first  reduction. 

A  schematic  illustration  of  dilatometer  used  in  this 
study  is  shown  in  Fig.l  The  electrochemical  cell 
consisted  of  graphite  electrode  and  lithium  electrode, 
between  which  a  microporous  polypropylene  separator 
was  placed.  The  electrodes  were  under  a  constant  load 
by  a  weight  attached  to  a  spindle.  The  change  in  total 
electrode  thickness  of  both  electrodes  was  measured  using 
a  displacement  transducer  mounted  on  a  rigid  frame. 

Figure  2  shows  change  in  graphite  electrode 
thickness  and  voltage  curve  of  graphite(NG-7)  in  1M 
LiC104  PC/DME(1/1  by  volume)  during  the  first 
reduction.  The  graphite  electrode  used  was  a  compressed 
pellet  of  natural  graphite  without  any  binder.  The  change 
in  graphite  electrode  thickness  was  calculated  by 
subtracting  the  thickness  of  lithium  electrode  (4.85  pm 
mAh'1  cm  2)  from  the  observed  change  in  the  overall 
thickness  of  both  electrodes.  When  the  current  was 
switched  on,  the  voltage  dropped  from  ca.  3  V  to  ca.  1.1 
V  and  then  showed  shoulders  in  the  voltages  1.1  -  0.5  V, 
which  were  observed  only  for  the  first  reduction.  As  can 
be  seen  in  Fig.2,  the  graphite  electrode  expanded 
anomalously  in  such  region  on  the  first  reduction  with 
drawing  a  characteristic  curve  with  changing  a  slope  at 
transition  points  in  the  voltage  curve.  Upon  further 
reduction  to  0  V  vs.  Li,  the  thickness  increased 
monotonously  as  the  lithium  intercalation  reaction 
proceeded. 

Figure  3  shows  the  result  for  the  first  reduction  of 
graphite  in  1  M  LiC104  in  EC/DME(1/1  by  volume) 
solution.  The  graphite  electrode  expanded  also  in  the 
initial  part  of  the  first  reduction,  although  the  expansion 
itself  was  less  pronounced  compared  with  that  in 
PC/DME.  As  can  be  seen  in  Figs.  2  and  3,  anomalous 
expansion  of  graphite  was  observed  in  the  initial  part  of 
the  first  reduction  in  so-called  irreversible  capacity 
region.  No  change  in  lattice  dimension  of  graphite  was 


observed  by  XRD  in  such  a  region.  The  observed  change 
in  electrode  thickness  was  larger  than  that  of  10  % 
expected  from  XRD,  due  mainly  to  anomalous  expansion 
in  the  initial  part  of  the  first  reduction.  Factors  affecting 
such  anomalous  expansion  of  graphite  electrodes  will  be 
elucidated  by  dilatometry  combined  with  in-situ  optical 
microscopy  and  acoustic  emission  histometry. 
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Fig.l  Schematic  illustration  of  dilatometer  used  to 
monitor  change  in  electrode  thickness. 
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Fig.2  Change  in  graphite  electrode  thickness  and 
operating  voltage  curve  for  the  first  reduction  in  1  M 
LiC104  PC/DME(1/1  by  volume)  at  a  rate  of  0.15  mA 
cm'2.  The  graphite  electrode  was  a  compressed  pellet 
(19.8  mg,  1 19pm  thick.)  with  no  binder. 
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Fig.3  Change  in  graphite  electrode  thickness  and 
operating  voltage  curve  for  the  first  reduction  in  1  M 
LiC104  EC/DME(1/1  by  volume)  at  a  rate  of  0.15  mA 
cm'2.  The  graphite  electrode  was  a  compressed  pellet 
(21.0  mg,  130  pm  thick.)  with  no  binder. 
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Lithium  alloys  are  high  energy  density  materials  with 
potential  applications  in  rechargeable  lithium-ion 
batteries.  Among  them  silicon  has  the  highest  theoretical 
capacity  of  4000  mAh/g  Si  as  a  result  of  the  favorable 
Li/Si  stoichiometry  (e.g.  L^Sij)  and  the  low  atomic 
weight  of  Si.  However,  silicon  based  anodes  have  severe 
cycl ability  problem  because  of  their  poor  mechanical 
properties.  This  paper  describes  a  new  synthesis  method 
based  on  sol-gel  processing1,  which  is  used  in  conjunction 
with  mechanical  grinding  to  produce  more  usable  Si 
based  composite  materials. 

The  preparation  of  this  new  anode  material  includes 
firstly  the  formation  of  porous  organic  silicon  modified 
carbons  by  sol-gel  techniques2-  3.Silicon  particles  are  then 
dispersed  in  this  sol-gel  based  carbon-ceramic  medium  by 
mechanical  grinding.  The  sol-gel  process  takes  place  at 
room  temperature,  using  various  alkoxysilanes  such  as 
tetramethoxy  silane  (TMOS),  methyltrimethoxy  silane 
(MTMOS),  phenyltriethoxy  silane  (PTEOS),  and 
tetraethoxy  silane(TEOS)  as  precursors. 

The  silicon  embedded  graphite  powder  prepared  as  such 
is  a  ceramic-like  material  with  a  porous  structure  deriving 
from  the  formation  of  3-D  gel  network  of  percolating 
graphite  particles.  The  scanning  electron  micrograph  in 
Fig.l  (from  a  MTMOS  precursor)  confirms  that  silicon  is 
uniformly  distributed.  This  new  anode  material  gives  the 
lowest  irreversible  capacity  and  the  highest  reversible 
capacity  reported  to  date  (e.g.  at  19.2  wt  %  of  elemental 
silicon,  the  irreversible  capacity  and  reversible  capacity 
are  4586  mAh/g  Si  and  3705  mAh/g  Si,  respectively). 
Typical  charging  (Li  intercalation)  and  discharging  (Li 
deintercalation)  curves  for  the  first  five  cycles  are  shown 
in  Fig.2.  The  material  cycles  well,  with  R10/i  (the  ratio  of 
capacity  in  the  10th  cycle  to  the  1st)  =  0.98.  The  first 
cycle  coulombic  efficiency  is  also  a  high  79%, 
surpassing  the  performance  of  most  of  the  current 
implementations  of  silicon  based  anodes.  The  first  cycle 
discharge  (intercalation)  capacity  of  4586  mAh/g  Si  is 
equivalent  to  an  uptake  of  about  4.9  Li  atoms  per  Si  atom 
(Li4.9Si),  which  exceeds  the  commonly  accepted 
maximum  of  4.4  Li  per  Si  atom.  Powder  x-ray  diffraction 
(Fig.3)  shows  no  significant  broadening  of  the  graphite 
diffraction  peaks.  However,  very  small  shifts  and  a  new 
diffraction  peak  at  20=  -11°  are  found  upon  closer 
examination  of  the  pattern.  The  formation  of  sol-gel- 
graphite  composites  therefore  has  not  brought  about 
structural  changes  to  the  carbon  host,  but  instead  induces 
beneficial  synergistic  interactions  between  the  two  Li 
hosts.  Such  interactions  could  be  the  principal  contributor 
to  the  high  Li/Si  stoichiometry  observed  here.  The 
diffraction  peaks  at  20  =  28-29°,  20  =  47-48°,  20  =  56- 
57°,  and  20  =  69-70°  all  pertain  to  Si  as  they  only  appear 
after  Si  addition  and  their  intensities  increase  with  the 
increase  in  the  Si  content  of  the  composites  (Fig.3). 

These  experiments  show  that  the  capacities  of  the 
composites  are  dependent  on  the  details  of  the  sol-gel 
process  and  the  inorganic  silicon  content.  The  cycle  life  is 
undoubtedly  an  improvement  compared  to  other  silicon- 
based  anodes.  The  modification  of  the  carbon 
microstructure  by  sol-gel  chemistry  seems  to  be  the  key 
factor  for  this  improvement. 
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Fig.l  Scanning  electron  micrograph  of  a  dispersed  Si 
composite  (5.8%  silicon  particles). 


Fig.2  The  first  five  cycle  charging  and  discharging 
curves  of  the  silicon-graphite  composite. 
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Fig.3  XRD  patterns  of  silicon-graphite  composites. 
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Li-alloys  such  as  Li-Al.  Li-Sn  and  Li-Pb  are  attractive 
anode  materials  for  lithium  ion  cells  because  of  their 
high  charge  densities  and  fast  room  temperature  lithium 
mobility  in  the  alloys1'1.  However,  many  reports  have 
indicated  that  it  is  difficult  to  realize  the  theoretical 
capacity  with  these  Li-alloy  electrodes  because  of  the 
mechanical  and  conductivity  instabilities  caused  by  large 
volume  changes  of  the  lithium  storage  phase  during 
cycling.  There  was  no  industrial  interest  in  the  possible 
use  of  these  alloys  in  the  negative  electrodes  of 
commercial  cells.  The  situation  was  changed  when  Fuji 
Photo  Film  Co.,  Ltd.,  announced  the  development  of 
lithium  batteries  based  on  amorphous  tin  composite 
oxide  negative  electrodes'21.  Since  then,  much  attention 
has  been  given  to  the  possibility  of  substituting  similar 
classes  of  compounds  for  carbon  negative  electrodes  in 
Li-ion  batteries.  Both  pristine  and  doped  tin  oxides  have 
been  extensively  investigated  as  anode  materials,  but 
reports  about  Pb  composite  oxides  as  anode  material  in 
Li-ion  batteries  are  relatively  scarce.  In  this  on-going 
work,  we  consider  Pb3(P04)2  as  intrinsic  P-doped  Pb 
oxide  composites  and  investigated  their  performance  as 
anode  materials  for  Li-ion  batteries. 

Crystalline  Pb3(P04)2  was  supplied  by  Johnson  Matthey 
and  used  as  received.  Its  crystal  structure  was  verified  by 
powder  X-ray  diffraction.  Amorphous  Pb3(P04)2  was 
obtained  by  melting  the  crystalline  polymorph  at  1020°C 
for  2  hours  followed  by  quenching.  Inductively  coupled 
plasma  spectroscopic  analysis  of  the  quenched  product 
showed  no  changes  in  elemental  composition  and  XRD 
confirmed  the  total  lack  of  crystallinity.  Mixture  of 
Pb3(P04)2  with  poly(vinylidene  fluoride)  binder  and 
acetylene  black  in  the  weight  ratio  of  80:7:13  were 
compressed  at  2.0x1 06  Pa  to  form  anode  pellets  1.6cm  in 
diameters.  Lithium  foil  was  used  as  the  counter  electrode 
together  with  a  polypropylene  separator.  The  electrolyte 
was  1M  LiPF6  in  a  1:1  mixture  of  ethylene 
carbonate/diethyl  carbonate.  Cyclic  voltammetry  and 
galvanostatic  measurements  were  used  to  evaluate  the 
electrochemical  characteristics  of  Pb3(P04)2. 

The  cyclic  voltammograms  of  Fig.  1  show  substantial 
differences  between  the  first  cycle  and  subsequent 
cycles.  In  Fig.  la,  a  large  cathodic  peak  around  1.25V 
appears  only  during  the  first  cathodic  scan.  The 
underlying  reaction  is  irreversible  because  there  is  no 
similar  feature  from  the  second  scan  onward.  Upon  scan 
reversal,  there  is  one  anodic  peak  around  0.6V.  This  peak 
is  found  to  decrease  in  size  with  increasing  cycle 
number.  A  prominent  cathodic  peak  appears  at  0.1V 
from  the  second  cycle  onward.  For  amorphous  Pb3(P04)2 
(Fig.  lb),  a  large  cathodic  peak  around  0.1V  and  smaller 
cathodic  peaks  around  1.6V,  IV  and  0.7V  are  found  in 
the  first  cathodic  scan.  There  are  also  two  anodic  peaks 
at  0.55V  and  0.7V  in  the  reverse  scan,  indicating  that 
there  are  at  least  two  energetically  different  sites  for  the 
lithium  ions  in  this  polymorph.  A  comparison  of  the 
voltammetric  features  between  the  second  scan  and  the 
fifth  scan  shows  that  the  lithium  insertion/extraction 
reactions  are  more  reversible  in  amorphous  Pb3(P04)2. 
Figure  2  shows  the  first  five  charging  and  discharging 
cycles  of  crystalline  and  amorphous  Pb3(P04)2  between 
5mV  and  1.4V  (vs.  Li+/Li)  at  the  constant  current  of  30 
mA/g.  In  Fig.  2a  for  crystalline  Pb3(P04)2,  the  charge 
capacity  for  the  second  cycle  is  278  mAh/g,  which  is  a 
great  reduction  from  the  initial  charge  capacity  of  742 
mAh/g.  This  lower  value  of  charge  capacity  is  however 
retained  in  the  next  three  cycles.  In  Fig.  2b  for 
amorphous  Pb3(P04)2,  the  charge  capacity  for  the  second 
cycle  is  298  mAh/g,  which  is  lower  than  the  initial 


charge  capacity  of  568  mAh/g  but  higher  than  the  278 
mAh/g  from  crystalline  Pb3(P04)2.  Cycling  tests  also 
confirm  amorphous  Pb3(P04)2  as  a  more  reversible 
anode  material  with  a  higher  specific  capacity. 
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Figure  1.  Cyclic  voltammograms  of  (a)  crystalline  and 
(b)  amorphous  Pb3{PC>4)2  at  0.1  mV/s. 
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Figure  2.  Charge  and  discharge  curves  for  the  first  five  cycles 
of  Li/(a)  crystalline  and  (b)  amorphous  Pb3(P04)2  cells. 
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Spin  coating  thin  layers  of  photoresist  on  silicon 
wafers  and  subsequent  photolithographic  patterning  are 
well-developed  technologies  in  the  semiconductor 
industry.  The  microscopic  structures  that  are  routinely 
produced  provided  an  opportunity  to  fabricate  useful 
microstructures  for  microbatteries  [1],  As  an  extension  of 
the  development  of  interdigitated  microelectrodes,  the 
application  of  carbon  films  obtained  from  pyrolyzed 
photoresist  was  investigated  as  negative  electrodes  for 
microbatteries. 

A  thin  layer  of  positive  photoresist  (OiR-897, 
Olin  Corporation)  was  spin  coated  onto  a  10-cm  diameter 
silicon  wafer.  The  photoresist  was  heated  in  nitrogen  for 
20  hr  at  150°C,  followed  by  heating  for  1  hr  at  600°,  700°, 
800°,  900°  or  1000°C  in  nitrogen  to  form  the  carbon  Film 
[2]. 


The  electrical  properties  of  the  carbon  films  were 
investigated  by  current-sensitive  atomic  force  microscopy 
(CSAFM)  and  four-point  probe  techniques.  The 
carbon/non-aqueous  electrolyte  interface  was  also  studied 
by  in-situ  electrochemical  scanning  probe  microscopy. 
Cyclic  voltammograms  were  recorded  in  1  M  LiC104 
(EC:DMC)  electrolyte  during  in-situ  AFM  measurements. 

According  to  the  CSAFM  (see  Figure  1)  and 
four-point  probe  measurements,  highly  conductive  carbon 
films  were  obtained  when  the  photoresist  is  pyrolyzed  at 
temperatures  higher  than  700°C.  At  600°C,  the  carbon 
film  shows  a  non-linear  resistance  behavior. 

The  electrochemical  activity  of  the  carbon  in 
LiCICU  also  depends  on  the  heat-treatment  temperature. 
For  example,  carbon  films  obtained  at  900°C  show  a 
cathodic  current  much  higher  than  carbon  films  produced 
at  700°C  (see  Figure  2).  As  a  consequence,  the  SEI  film 
formed  in  the  non-aqueous  electrolyte  is  thicker  on  the 
carbon  films  obtained  at  900°C,  as  indicated  by  the  in-situ 
AFM  measurements  (see  Figure  3). 
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Fig.  2:  Voltammograms  of  carbon  films  pyrolyzed  at 
different  temperatures 
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Fig.  3:  Thickness  of  SEI  films  formed  in  1  M  LiC104 
(EC:DMC) 
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Bulk  SnMn3C  is  a  perovskite-structure  material 
that  does  not  react  with  lithium.  However,  when  SnMn3C 
is  prepared  by  mechanical  alloying,  it  reacts  reversibly 
with  about  1  lithium  atom  per  formula  unit. 
Mechanically-alloyed  samples  are  comprised  of 
approximately  10  pm  particles  consisting  of  10  nm  grains. 
Here  we  show  that  the  reversible  reaction  with  lithium 
involves  only  tin  atoms  located  at  grain  boundaries. 

Figure  l  shows  the  voltage  versus  capacity  and 
capacity  versus  cycle  number  of  mechanically-alloyed 
SnMnjC  cycled  against  pure  Li  metal.  The  reversible 
capacity  is  about  25%  of  its  expected  value  of  400mAh/g 
(based  on  reaction  of  all  Sn  in  the  compound  to  form 
Li4  4Sn),  and  the  cell  shows  excellent  capacity  retention. 

Figure  2  shows  the  in-situ  x-ray  diffraction  patterns 
of  a  mechanically-alloyed  SnMn3C/Li  cell  cycled  between 
0-1.3  V.  Unlike  most  materials  which  react  with 
substantial  lithium,  the  structure  of  SnMn3C  is  not 
disturbed  by  the  reaction  with  lithium.  Neither  the 
amount  of  the  phase,  nor  its  lattice  constants  are  changed, 
even  though  about  1  Li  atom  per  formula  unit  has  reacted. 
How  can  this  be? 

Figure  3  shows  the  in-situ  ll9Sn  Mossbauer  spectrum 
of  the  fresh  cell  and  the  fully  discharged  cell.  The  spectra 
have  been  fitted  with  two  components:  1)  a  lorentzian 
centered  at  1.7  mm/s  which  is  from  the  nanocrystals  of 
SnMn3C  and  2)  a  component  which  is  from  tin  at  the 
grain  boundaries.  Component  1  does  not  change  as 
lithium  reacts,  but  component  2  moves  smoothly  from  a 
center  shift  of  2.5  mm/s  to  a  center  shift  of  about  2.0 
mm/s  (consistent  with  the  center  shift  seen  in  Li-rich  Li- 
Sn  alloys  [1])  as  the  cell  discharges. 

Our  model  for  the  reaction  is  therefore  that  Sn  atoms 
at  the  grain  boundaries  throughout  the  structure  can  react 
with  lithium,  and  Sn  atoms  within  SnMn3C  nanocrystals 
cannot.  One  does  not  expect  grain  boundary  atoms,  with 
positions  uncorrelated  to  the  atomic  planes  of  the 
nanocrystals  to  contribute  to  the  sharp  peaks  of  the 
diffraction  pattern.  Thus  the  Bragg  peaks  in  figure  2  do 
not  change.  On  the  other  hand,  a  broad  peak  near  23° 
does  appear  in  the  discharged  cell.  This  is  thought  to 
arise  from  small  clusters  of  tin  atoms  at  the  corners  of  a 
tetrahedron  with  Li  atoms  nearby,  as  explained  in 
reference  2.  The  tin  atoms  needed  to  form  these  clusters 
are  in  the  grain  boundaries. 

This  work  clearly  shows  the  importance  of  the  grain 
boundary  atoms  in  materials  that  are  otherwise  inactive 
with  respect  to  lithium.  Grain  boundary  materials  may 
one  day  replace  graphite  as  the  anode  of  choice  in 
lithium-ion  batteries. 
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Figure  1:  a)  Voltage  versus  capacity  and  b)  capacity 
versus  cycle  number  of  SnMn3C.  The  solid  line 
represents  the  discharge  cycle  while  the  dashed  line 
represents  the  discharge  cycle.  Panel  b  shows  the  results 
for  2  SnMn3C  cells. 
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Figure  2:  In-situ  x-ray  diffraction  pattern  of  SnMn3C 
showing  the  a)  fully  discharged  cell  and  b)  the  fresh  cell. 
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Figure  3:  In-situ  Mossbauer  absorption  spectra  of 
SnMn3C  showing  the  a)  the  fully  discharged  cell  and  b) 
fresh  cell. 
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The  following  factors  determining  the  efficiency  of 
intercalation  process  of  lithium  ions  in  a  carbon  material 
have  been  studied:  the  catalytic  properties  of  graphite 
materials  relative  to  the  cathodic  reduction  process  of 
electrolyte  components,  the  properties  of  the  passivating 
film,  formed  in  this  case,  the  structure  and  microstructure  of 
carbon  material,  determining  the  kinetics  of  intercalation 
process  and  the  amount  of  intercalated  lithium  ions. 
Investigations  were  carried  out  with  natural  Ukrainian 
graphites,  synthetical  graphites  and  with  the  same  materials 
after  a  special  chemical  modification. 

By  XRD  analysis  the  parameters  of  crystalline  lattice, 
crystallite  sizes  and  the  texture  of  graphite  samples  have 
been  determined. 

The  mutual  effect  of  graphite  material  nature  and  the 
composition  of  nonaqueous  electrolyte  on  the 
electrochemical  stability  of  the  system  have  been 
established  by  the  methods  of  potentiodynamic  cycling. 

Galvanostatic  investigations  were  carried  out  in  flat  disk 
cells  of  2325  size  in  Li-C  and  C-LiMn204  systems. 

As  the  electrolytes  EC,  DMC,  LiC104;  EC,  DMC,  LiPF6; 
EC,  DMC,  LiBF4  were  used. 

The  cathode  material  of  LiMn204  has  been  synthesized 
at  the  authors’  laboratory  on  the  basis  of  Ukrainian 
manganese  ores. 

The  salts  were  produced  at  ARC  (USA)  by  the  methods 
developed  by  Dr.Meshri,  and  the  solvents  were  gifts  of 
Dr.U.Heider,  the  Merck  company,  Germany. 

The  developed  method  of  graphite  modification  allows 
us  to  increase  significantly  the  discharge  capacity  of 
intercalation  graphite  anode.  The  discharge  capacity  of  the 
modified  graphites  depends  slightly  on  the  nature  of  an 
initial  material  and  reaches  320  mAh/g  at  40muA/cm2.  At 
the  same  time  the  nature  of  the  initial  material  determines 
the  self-discharge  of  anodes  intercalated  by  lithium. 

The  mutual  influence  of  LiMn204,  graphite  and  the 
composition  of  nonaqueous  electrolyte  on  the  nature  of 
electrochemical  processes  in  LiMn204  -  graphite  system 
during  a  storage  and  cycling  has  been  studied. 

The  ways  of  the  characteristics  stabilization  of  lithium- 
ion  power  source  C-LiMn204  at  a  long  storage  have  been 
determined. 
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Table  1.  The  electrochemical  characteristics  of 
investigated  graphites 


Q ,  mh/g, 

Qdu.5  mAh/g, 

Type  of  graphite 

I=40p  A/cm2 

I=500pA/cm2 

GMP-M  initial 

1 

260-280 

250-260 

GMP-M  modified 

lm 

310-320 

264 

GMP-K  initial 

2 

130-150 

80 

GMP-K  modified 

2m 

260-280 

230 

GP  initial 

3 

220-240 

200 

GP  modified 

3m 

310-320 

275 

Natural  (initial) 

4 

220 

200 

Natural  modified. 

4m 

300-310 

265 

DISCHARGE  CHARACTERISTICS  OF  GRAPHITE 
ELECTRODE.  CELL2325.  ELECTROLYTE 
U’V  EC,DMC,LIPF6  Ich=Idch=0.1mA  (0.04mA/cm2) 
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DISCHARGE  CAPACITY  FOR  DIFFERENT 
Q,  mAh/g  TYPES  OF  GRAPHYTES 
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Nitride  compounds  as  negative  electrode  have  been 
investigated  because  of  a  large  capacity!  1,2].  Li2.6Coo.4N 
has  a  large  reversible  capacity  (700mAh/g)  and  has  a 
possibility  to  achieve  higher  energy  density  in  comparison 
with  conventional  carbon  system.  It  is  known  that  the 
structural  changes  in  this  material  during  electrochemical 
reaction  show  extraordinary  behavior,  changing  from 
crystalline  phase  at  initial  state  to  amorphous  phase  after 
an  anodic  reaction  at  once.  We  reported  some  of  the 
characterization  on  this  material[3].  In  this  paper,  we  will 
present  the  cell  performances  and  the  behavior  of  cobalt 
in  conjunction  with  electrochemical  behavior. 

Fig.l  shows  the  typical  discharge  curves  of  test  cell 
(A-size)  employing  Li2.6Coo.4N  as  anode  material  and 
LixNi02  as  cathode  material.  The  test  condition  of 
charge/discharge  was  carrying  out  for  the  range  of  1.5V- 
4.1V.  The  cell  showed  remarkable  large  capacity  which 
was  almost  the  twice  of  conventional  system  and  also  the 
discharge  rate  characteristics  were  excellent. 

Fig. 2  shows  the  result  of  7Li-NMR  on  the  initial  state 
and  charged/discharged  states  after  a  cycle.  A  broad 
spectrum  at  around  5ppm  with  spinning  side  band  was 
observed  in  the  initial  state,  while  almost  the  same  spectra 
at  around  lppm  were  observed  after  charging  to  0.1  V  and 
discharging  to  1.4V  vs.Li.  Each  of  the  spectra  has  good 
symmetry  in  common.  It  might  be  considered  that  the  line 
broadening  in  NMR  spectra  is  attributed  to  the 
paramagnetic  effect  of  cobalt.  The  reason  why  a  slight 
difference  in  those  samples  happens  might  be  thought  that 
the  state  of  electronic  structure  of  cobalt  was  changing  or 
a  fine  structure  in  a  solid  was  changing  before  and  after 
charge/discharge  reaction. 

Fig. 3  shows  the  result  of  XAFS  (Co-K  absorption)  data 
measured  at  initial  state,  at  discharged  state  up  to  1.4V 
and  at  charged  state  to  0.1  V  respectively.  As  can  be  seen, 
these  spectra  showed  the  same  absorption  edge  although 
the  XANES  spectrum  on  the  sample  discharged  up  to 

I. 4V  show  different  configuration  from  others.  The 
EXAFS  spectra  on  the  samples  of  discharged  and  charged 
state  are  different  from  that  of  initial  state.  This  enable  us 
to  think  that  there  is  a  long  range  ordering  in  the  initial 
state,  while  it  is  difficult  to  see  a  long  range  ordering  in 
the  other  two  samples  which  has  been  experienced  lithium 
extraction  reaction  at  once. 

From  these  evidences,  we  believe  that  in  spite  of  the 
appearance  of  amorphous  phase  in  XRD  view  caused  by 
lithium  extraction,  which  has  been  known, 
charge/discharge  reaction  for  following  cycles  can  carry 
out  in  a  short  range  order.  This  is  because  supposing  a 
loss  of  long  range  ordering,  the  presence  of  a  short  range 
ordering  of  which  electronic  configuration  for  cobalt 
preserve  almost  the  same  as  in  the  initial  state  even  after 
the  first  discharge,  enables  redox  reaction  to  proceed. 
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Fig.l  Discharge  curves  at  various  currents  of 
LixNi02/Li2.6Coo4N  (A-size)  battery. 

Voltage  range  is  1 .5-4.1  V,  charge  current  is  300mA. 


FPn 

Fig.2  7Li-NMR  spectra  for  the  samples  at 
initial  state  and  after  charge/discharge  states. 


Fig.3  XANES  spectra(Co-K)  on  each  step  during 
charge/discharge 
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Due  to  their  high  lithium  storage  capacities  metals 
like  Al,  Si  or  Sn  have  frequently  been  proposed  as 
substitutes  for  metallic  Li  or  carbon  materials  as  anode 
materials  in  rechargeable  lithium  ion  cells.  However,  their 
breakthrough  has  so  far  been  prevented  by  the  poor 
cycling  stability  of  conventional  coarse-grained  materials, 
which  is  a  result  of  the  large  absolute  volume  changes 
occurring  during  Li  uptake  and  release. 

The  cycling  stability  can  be  improved  by  limiting 
the  cut-off  potentials  (limited  capacity  cycling)  [1-3]  or 
by  diluting  the  reacting  component  in  a  more  or  less 
inactive  matrix.  The  latter  point  resembles  the  situation  in 
Fuji's  amorphous  tin-based  composite  oxide  [3,4]. 
Unfortunately,  both  approaches  result  in  a  decreased 
capacity  of  the  overall  electrode. 

Other  ways  of  improving  the  cycling  stability  of 
these  metallic  systems  without  loosing  capacity  were 
shown  up  in  previous  works  on  Sn  and  SnTSnSb"  [1,2]. 
These  include  a  proper  design  of  the  morphology  (small 
particle  size,  porosity),  the  use  of  multi-phase  instead  of 
single-phase  materials,  and  the  use  of  intermetallic 
compounds,  such  as  "SnSb",  which  undergo  phase 
separation  and  restoration  during  Li  uptake  and  release. 

These  investigations  are  now  extended  to  various 
other  multi-phase  materials  from  the  ternary  system  Ag- 
Sb-Sn.  According  to  Oberndorff  et  al.  [5]  these  system 


exhibits  a  number  of  binary  intermetallic  compounds, 
namely  Sr^Sbj,  Sn3Sb4,  SnAg3,  SnAg4,  SbAg3,  and  SbAg4 
(at  220  °C).  No  ternary  compounds  have  been  found. 

The  nano-crystalline  multi-phase  powders  were 
obtained  by  chemical  precipitation  with  NaBHU  in 
aqueous  solution  as  described  in  Ref.  [1].  The  multi-phase 
compositions,  such  as  SnTSnSb",  SbTSnSb"  Sn/SnAg3, 
or  Sb/SbAg3,  were  confirmed  by  X-ray  diffraction.  The 
BET  surface  areas  of  the  powders  are  typically  in  the 
range  of  20  -  50  m2  g' '. 

Composite  electrodes  were  prepared  with  these 
powders  and  electrochemically  characterized.  Cyclic 
voltammogrammes  as  well  as  preliminary  galvanostatic 
cycling  studies  are  presented  and  discussed.  For 
comparison,  results  obtained  with  single-phase  Sn,  Sb, 
and  Ag,  as  well  as  with  pure  "SnSb"  are  given. 
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It  is  state  of  the  art  in  primary  as  well  as  in 
secondary  lithium  batteries  to  use  the  active  materials  as 
powders  in  composite  electrodes  (both  for  the  anode  and 
the  cathode),  where  the  particles  are  held  together  by  a 
suitable  polymer  binder.  Poly(vinylidene  fluoride)  (PVdF) 
and  polytetrafluoroethylcne  (PTFE)  are  by  far  the  most 
frequently  used  binders,  though  a  literature  research 
shows  that  a  vast  variety  of  other  materials  have  been 
tested  for  their  binding  properties  and  patented,  especially 
in  Japan. 

PVdF  is  quite  a  good  solution  for  composite 
electrodes  with  carbon  materials  or  transition  metal 
oxides,  where  volume  changes  during  Li  uptake  and 
release  are  rather  small,  and  hence  the  electrodes  are 
dimensionally  stable.  This  must,  however,  not  necessarily 
be  the  case  for  alloys,  such  as  Sn/"SnSb"  which  was 
investigated  in  this  contribution,  or  for  metallic  and 
intermetallic  systems  in  general. 

In  the  case  of  Sn,  for  example,  the  theoretical 
volume  increase  due  to  Li  insertion  is  approximately 
260  %  (from  Sn  to  L^Snj).  This  leads  to  serious 
problems  with  the  cycling  stability  of  the  active  material 
(i.e.  to  cracking  and  crumbling  and  to  loss  of  contact 
between  the  single  particles),  which,  however,  can  be 
relieved  by  applying  appropriate  strategies,  as  was  shown 
in  [1,2].  But  this  volume  increase  is  also  a  challenge  to 
the  binder:  on  the  one  hand  it  should  show  a  certain 
flexibility  to  allow  for  the  "breathing"  of  the  metal  / 
intermetallic  during  cycling,  on  the  other  hand  it  has  to 
guarantee  the  stability  of  the  composite  material  and  the 
support  of  sufficient  electrical  contact  between  the  single 
particles  of  the  active  material  all  throughout  cycling. 
Additionally,  the  interplay  of  the  composite  electrode 
with  the  electrolyte  has  to  be  considered,  since  filming 


reactions  will  occur  at  the  surface  of  active  material  and 
the  conductive  additive.  Obviously,  the  rigidity  and  the 
swelling  behaviour  of  the  binder  are  most  important 
parameters  for  long-term  cycling. 

Recent  publications  usually  deal  with  binders  for 
carbon  materials,  e.g.,  with  ethylene-propylene-diene 
terpolymer  (EPD)  and  PVdF-copolymers  as  binders  for 
mesocarbon  microbeads  [3],  or  with  silica-based  gel 
binders  for  carbon  films  [4],  Only  little  has  been  done  in 
the  case  of  metals  /  intermetal  lies,  e.g.,  a  study  on 
polyethylene  (PE)  and  PTFE  as  binders  for  Sn  and 
Sn/'  SnSb",  where  especially  PE  appears  promising  [5]. 

In  this  contribution  some  other  binders  are 
investigated  in  combination  with  SnTSnSb"  and 
discussed.  One  approach  is,  for  example,  the  use  of  cross- 
linked  binders.  The  polymer  may  be  incorporated  as 
already  cross-linked  powder,  or  it  may  be  incorporated  as 
monomer  and  then  cross-linked  during  the  electrode 
preparation,  either  by  ultraviolet  light,  though  this 
requires  ultra-thin  films  of  composite  material,  or 
thermally,  as  was  applied  here. 

But  it  is  not  only  the  nature  of  the  binder,  which 
determines  the  (long-term)  cycling  stability,  but  also  its 
distribution  within  the  composite  electrode,  which  is  a 
result  of  the  electrode  preparation.  The  effects  of 
homogenous  or  inhomogeneous  distribution  of  the  binder 
in  the  composite  material  and  of  partial  or  complete 
encapsalution  of  the  active  material  in  the  binder  are 
discussed  for  the  case  of  PVdF. 
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In  typical  lithium-ion  cells  the  carbon  electrode 
acts  as  the  anode.  It  is  possible,  however,  to  use  carbon 
as  both  the  anode  and  cathode  creating  a  dual  carbon  cell. 
In  other  words,  lithium  ions  can  intercalate  into  one 
carbon  electrode  and  the  anion,  such  as  PF6  or  CIO4 1  can 
intercalate  into  the  other  carbon  electrode.  There  has 
been  work  done  in  the  past  on  anion  intercalation  [see  for 
example  refs.  1-5]  as  well  as  recent  work  on  dual  carbon 
cells  [6-9]. 

To  fully  understand  the  electrochemical 
processes  in  a  dual  carbon  cell,  anion  intercalation  must 
be  fully  investigated.  It  has  been  shown  that  the  anion 
(PF6‘)  reacts  with  the  carbon  electrode  (graphite)  by  an 
intercalation  process  [10].  This  paper  will  show  that 
anion  intercalation  is  also  possible  into  other  carbon 
materials  with  different  amounts  of  disorder,  such  as  XP3 
cokes  heated  to  different  temperatures. 

The  amount  of  turbostratic  disorder  can  be 
determined  by  analyzing  X-ray  patterns  for  each  material 
with  the  "Structure  Refinement  Program  for  Disordered 
Carbons"  developed  by  Shi  et  al.  Samples  of  Fluka 
graphite,  and  XP3  coke  heated  to  1500,  1800,  2300  and 
2600°C  were  studied.  The  fractions  of  layers  in 
turbostratic  misalignment  (p)  are  indicated  in  the  x-ray 
patterns  shown  in  Figure  1 .  The  three  samples  shown  in 
figure  1  all  show  anion  insertion  upon  charging  cells  to 
voltages  higher  than  4.8  V,  see  Figure  2.  Though  the 
capacity  is  lower  for  the  more  disordered  systems, 
preliminary  results  suggest  that  the  capacity  balance  is 
improved. 

The  XP3  cokes,  as  with  graphite,  intercalate 
anions.  The  intercalation  process  is  verified  with  in-situ 
X-ray  experiments.  The  results  for  a  cell  with  an  XP3 
2300°C  electrode  in  2M  LiPFe/EMS  electrolyte  are  shown 
in  Figure  3.  It  can  be  seen  easily  that  the  reaction  process 
is  anion  intercalation  as  the  structure  of  the  carbon 
electrode  displays  a  series  of  staged  phases.  The  first 
‘pure’  stage  that  can  be  seen  easily  is  stage  3,  at  about 
scan  13,  5.1V.  As  the  cell  is  charged  to  even  higher 
voltages,  stage  2  is  present  at  scan  23,  5.2V.  The  results 
of  in-situ  x-ray  diffraction  studies  on  each  of  the  heat 
treated  samples  will  be  presented  here. 
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Figure  1 :  Comparison  of  the  X-ray  patterns  for  graphite, 
XP3  2600°C  and  XP3  2300°C 


Figure  2:  Comparison  of  voltage  profiles  for  graphite, 
XP3  2300°C  and  XP3  2600°C 
(a) 
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Figure  3:  In-situ  cell  made  of  XP3  2300°C  in  2M 
LiPFs/EMS  cycled  up  to  5.32V  (a)  voltage  profile  and  (b) 
X-ray  measurements. 
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An  attractive  characteristic  of  Li-ion  cells  is 
their  energy  density  and  power  density. 
Current  18650  cells  offer  over  410  Wh/1  and 
as  described  in  the  open  literature  Li-ion 
cells  can  offer  power  density  greater  than 
that  available  from  other  common 
technologies,  including  NiCd  or  NiMH 
cells1.  To  improve  energy  and  power 
density,  materials  with  improved  energy 
density  and  conductivity  are  required.  In 
particular,  there  is  renewed  interest  in  tin 
based  materials  that  alloy  with  lithium  at 
potentials  less  than  IV  vs.  Li2. 

We  have  prepared  alloys  based  on  elements 
known  to  alloy  with  lithium,  including  Sn, 
Si,  Ag,  and  Ge.  These  alloys  have  been 
prepared  by  either  mechanical  mixing  of 
fine  powders  of  the  elements  in  a 
mechanical  mill  or  treatment  of  mixtures  of 
the  elements  at  elevated  temperature  (500°C 
to  1000°C)  under  dry  Argon.  Electrode 
materials  have  been  fabricated  from  the 
resulting  alloys  and  characterized  in 
electrochemical  cells  with  either  Li  or 
LiCoC>2  counter  electrodes. 

One  promising  material  is  a  nickel-tin  alloy. 
The  reversibility  of  the  reaction  of  Li  with 
nickel-tin  alloys  is  illustrated  by  the  cyclic 
voltammogram  shown  in  Figure  1.  As 
shown,  Li  alloys  with  the  material  at  0.25V 
vs  Li  and  the  process  offers  good 
reversibility,  not  observed  are  significant 
irreversible  processes  as  is  typical  for 
materials  based  on  tin  oxides.  When  alloyed 
with  Li  to  400mAh/g,  the  irreversible 
capacity  observed  on  the  first  cycle  was 


22%,  comparable  to  that  observed  with 
many  graphitic  carbon  materials. 

The  synthesis  and  performance 
characteristics  of  candidate  alloys  will  be 
discussed. 


Nickel -Tin  Alloy 


Figure  1.  Cyclic  voltammogram  of  a 
nickel-tin  alloy. 
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During  recent  years  extensive  work  has  been  carried  out 
toward  increasing  the  energy  density  of  lithium-ion  batte¬ 
ries.  Progress  has  mainly  been  made  by  improving  the 
carbonaceous  material  of  the  negative  electrode  [1],  One 
of  the  major  problems  of  these  materials  is  their  "charge 
loss"  during  the  first  cycle,  which  consumes  lithium  that 
must  be  brought  into  the  cell  in  the  form  of  a  relatively 
heavy  lithium  metal  oxide  such  as  LiCo02.  More  recently, 
several  research  groups  began  to  improve  the  reversible 
capacity  and  to  reduce  the  irreversible  charge  loss  of 
graphitic  materials.  But  care  must  be  exercised  when 
comparing  their  results,  because  both  the  irreversible 
charge  loss  and  reversible  capacity  depend  on  the 
measuring  conditions  [2]. 

It  is  generally  accepted  in  literature  [3,4]  that  the  irrevers¬ 
ible  charge  loss  occurring  during  the  first  reduction  cycle 
depends  on  the  BET  surface  area  of  the  graphite.  Figure  1 
shows  the  quasi  linear  relation  between  the  irreversible 
capacity  and  the  BET  surface  area  measured  for  different 
synthetic  TIMREX®  graphites.  A  linear  regression  fit  of 
the  measured  values  resulted  in  the  relatively  value  of 
95  %  for  the  correlation  factor  R2.  In  these  measurements 
the  first  electrochemical  lithium  insertion  occurred  at  10 
mA/g  graphite  in  an  1M  LiPF6  DMC/EC  electrolyte.  The 
current  was  reduced  to  5  mA/g  when  a  potential  of  5  mV 
vr.  Li/Li+  was  reached.  The  first  cycle  of  an  electrode  con¬ 
taining  TIMREX®  E-SLX50  as  the  active  material  is 
presented  as  an  example  in  figure  2.  The  BET  surface  area 
of  this  sample  was  3.9  m2/g.  The  formation  of  the 
electrode  consumed  385  Ah/kg,  whereas  the  reversible 
capacity  was  360  Ah/kg.  The  irreversible  capacity  of  this 

sample  is  6.5  %  as  calculated  by  the  formula: _ 

L  _  Cd,s  ~  C„v  irreversible  charge  loss 

cap  Cj..  first  discharge  capacity 

Crev :  reversible  capacity  of 
the  first  cycle 

All  graphites  investigated  had  reversible  capacities  of  ca. 
360  Ah/kg.  The  irreversible  charge  losses  and  the  BET 
surface  areas  are  listed  in  table  1  and  plotted  in  figure  1. 

A  linear  function  is  also  obtained  when  the  double  layer 
capacities  of  the  same  graphites  are  measured  and  plotted 
against  their  BET  surface  area.  However,  preliminary  res¬ 
ults  of  these  impedance  spectroscopic  investigations  show 
that  the  electroactive  graphite  surface  which  is  wetted  by 
the  liquid  electrolyte,  and  thus  gives  rise  to  the  irreversible 
charge  loss,  is  smaller  than  the  BET-graphite  surface  that 
is  measured  with  gas  absorption  techniques.  Differential 
porosity  measurements  show  that  the  major  contribution 
to  the  BET  surface  area  is  made  by  the  graphite's  porosity. 
This  means  that  only  a  fraction  of  the  graphite  pores  are 
filled  with  liquid  electrolyte  and  thus  can  influence  the 
irreversible  capacity. 


BET  surface  area  /  mz/g 


Fig.  1:  Measured  irreversible  charge  losses  vs.  BET 
surface  area  from  table  1 . 
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Fig.  2:  First  cycle  of  an  TIMREX®  E-SLX  50  electrode 
(electrolyte:  1M  LiPF6  DMC/EC) 
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In  the  present  paper  study  the  changes  in  the  electro¬ 
chemical  performances  induced  by  an  elevated  temper¬ 
ature  storage  of  Li/  LiPF6  +  EC-DMC  1M/  graphite 
cells. 

Thermal  storage  is  carried  out  at  60C  between  a  se¬ 
ries  of  C/5-rate  galvanostatic  cycles  in  the  [-0.005  V 
;  1.5  V  vs  Li/Li-h]  voltage  range.  This  led  to  an  ir¬ 
reversible  capacity  loss  during  the  first  cycle  after  the 
storage.  Moreover.  Electrochemical  Impedance  Spec¬ 
trometry  (EIS)  measurements  showed  that  the  cell  po¬ 
larization  resistance  increased  during  storage. 

The  evolution  of  the  EIS  spectra  is  tentatively  related 
to  the  concomitance  of  two  phenomena: 

1  dissolution  of  the  organic/polymer  part  of  passiva¬ 
tion  film  (SEI)  formed  on  lithiated  graphite  electrodes 
during  storage  at  elevated  temperature.  This  would 
account  for  the  re-appearance  of  an  irreversible  capac¬ 
ity  after  storage.  2)  increase  of  the  inorganic  part  of 
the  SEI  resulting  from  the  electrolyte  reaction  with 
residual  lithium  present  in  the  carbon  structure  even 
after  de-intercalation  at  1.5  V  vs.  Li. 

Being  the  most  resistive  part  of  the  SEI,  this  inorganic 
internal  layer  should  play  a  major  role  in  the  apparent 
irreversible  capacity  losses  of  the  graphit 
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Mg2X  (X=Si,  Ge,  Sn,  Pb)  has  been  studied  as 
alternatives  to  current  commercial  anode  materials 
for  Li-ion  battery  due  to  several  advantages 
including  high  capacity,  safety  and  favorable  voltage 
plateau  [1-3].  In  our  previous  study  [3],  it  was 
found  that  three  sequential  reactions  occurred  during 
Li  insertion  into  Mg2Si,  i.e.,  Li  intercalation  into 
Mg2Si  lattice,  Li-Si  alloying  reaction  followed  by 
Li-Mg  alloying  reaction.  It  was  also  found  that  poor 
cyclability  of  Mg2Si  was  attributed  to  the  volume 
change  during  the  alloying/dealloying  reaction 
between  Li  and  Si  as  well  as  between  Li  and  Mg. 
Saito  et  al  reported  that  the  Mg2Sn  and  Mg2Pb  (the 
same  structure  as  Mg2Si)  showed  better  cyclability 
than  Mg2Si[l],  The  reaction  mechanism  of  these 
materials  would  be  almost  the  same  with  Mg2Si. 
And  the  better  cyclability  of  these  materials  is 
probably  due  to  the  ductility  of  element  X  in  Mg2X 
(X=  Sn,  Pb)  since  ductile  materials  showed  better 
capacity  retention  characteristics  [4].  Also  nano¬ 
crystalline  structure  may  insignificantly  improve  the 
ductility  of  brittle  materials  such  as  ceramics  and 
intermetallics  [5].  In  this  study,  nanocrystalline 
magnesium  stannide  (Mg2Sn)  was  examined  as 
anode  materials  for  Li-ion  battery 

Nanocrystalline  Mg2Sn  powders  were  prepared 
by  conventional  mechanical  alloying  process.  Pure 
Mg  (99.9  %,  325  mesh  size)  and  Sn  (99.8%,  325 
mesh  size)  were  blended  and  milled  under  Ar 
atmosphere  using  lab-made  vibratory  mill. 
Electrode  preparation  and  electrochemical  test  were 
perfomed  as  described  in  Ref.  3. 

Crystalline  Mg2Sn  powders  could  be  obtained 
after  24  h  and  the  estimated  grain  size  through  Hall- 
Williamson  plot  was  31  nm  which  indicated 
powders  obtained  had  nanocrystalline  structure. 
Figure.  1  shows  the  voltage  profile  of  Mg2Sn 
electrode  for  the  first  cycle.  The  first  charge  (Li 
alloying)  and  discharge  (Li  dealloying)  capacities 
are  660  mAh/g  (Li4.12Mg2Sn)  and  570  mAh/g 
(Li3.56Mg2Sn),  respectively  and  the  initial  cycling 
efficiency  is  86.3  %  which  is  higher  than  Mg2Si  and 
tin-based  oxide  materials.  To  investigate 
electrochemical  behavior  of  Mg2Sn  during  Li 
insertion/removal,  differential  capacity  plots  of 
Mg2Sn,  Sn  and  Mg2Si  are  compared  in  Figure.2. 
Differential  capacity  plots  of  Mg2Sn  and  Sn  show 
similarities  at  region  A,  which  indicates  that  Li-Sn 
alloying/dealloying  reaction  occurred  and  those  of 
Mg2Sn  and  Mg2Si  shows  similarities  at  region  B. 
The  latter  indicates  that  the  reaction  of  Mg2Sn  with 
Li  was  similar  to  the  reaction  of  Mg2Si  with  Li. 
Figure.3  compare  the  cycle  performances  of  Mg2Sn 
and  Mg2Si.  It  was  noteworthy  that  the  Mg2Sn 
electrode  exhibited  better  capacity  retention 
characteristics  than  the  Mg2Si  electrode. 
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Figure. 1  Voltage  profile  of  Mg2Sn  electrode 
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Figure.  2  Differential  capacity  plots  of 
Sn,  Mg2Sn  and  Mg2Si 
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Figure.  3  Cycle  performances  of  Mg.,Si  and  Mg2Sn 
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Introduction 

Graphite  has  been  used  as  an  anode  material  in  lithium- 
ion  batteries.  Since  graphite  has  a  limited  capacity  of  372 
mAh/g,  there  has  been  a  demand  for  anode  materials  with 
higher  capacity.  Recently,  Fujifilm  Celltec  reported  tin- 
based  oxide  as  a  high-capacity  anode  material  which  has 
higher  energy  density  and  specific  capacity  compared  to 
graphite!  1].  After  this  publications,  the  lithium  alloy 
anodes  attract  attention  for  alternative  anode  materials 
again.  In  this  alloy  system,  the  large  change  in  volume 
that  was  observed  during  the  reaction  resulted  in  a  severe 
cracking  of  the  particle  and  loss  of  electric  contact  that  is 
responsible  for  poor  cycle  performance.  To  overcome  this 
problem,  intermetallic  compoundsf2,3]  or  active/inactive 
nanocomposite  matcrials[4]  have  been  considered  instead 
of  pure  metals.  Of  the  various  metals  that  can  alloy  with 
lithium,  aluminum  has  merits  of  a  relatively  high  capacity 
(992mAh/g  for  |3-LiAl  formation),  very  flat 
charge/discharge  voltage  plateau,  and  relatively  low 
volume  change  between  the  lithium-free  and  lithated  state 
(ca.  97%).  But,  up  to  date,  there  have  been  a  little  reports 
about  Al-based  composite  or  intermetallic  compound  for 
anode  materials.  In  this  study,  we  synthesized  AI/AI2O3  or 
Al/SiC  composite  materials  by  ball  milling  technique  and 
examined  the  possibility  for  anode  materials.  The  internal 
structure  of  this  ball-milled  composite  powder  can  be 
considered  as  a  nanocomposite  containg  the  inactive 
phase  of  AI2O3  or  SiC,  and  active  phase  of  Al.  These 
nanocomposite  materials  have  been  studied  in  the 
aerospace  and  automotive  industry  for  the  enhanced 
mechanical  strength[5]. 

Experimental 

The  composite  powders  of  A1/A1203  or  Al/SiC  were 
prepared  by  ball  milling.  The  volume  fraction  of  A1203  or 
SiC  particulates  in  the  composite  powder  was  varied  from 
20  to  50%.  The  powders  were  put  into  a  hardened  steel 
vessel(80  cm3)  with  steel  ballsfcombination  of  3/8  and 
3/16  inch),  and  ball  to  powder  ratio  was  20.  Ball  milling 
was  performed  from  0  to  36  hrs  using  lab-made  vibratory 
mill.  The  electrode  were  prepared  by  coating  the  slurries 
(composite  powders(80wt%),  carbon  black(10wt%)  and 
PVDF(10wt%)  dissolved  in  NMP)  on  a  Cu  foil  substrate. 
Coin-type  test  cells  were  assembled  in  an  argon-filled 
glove  box  using  a  Celgard  2400  as  a  separator,  1  M 
LiPF6,EC/DEC(l:l)  as  an  electrolyte,  and  Li  foil  as 
counter  electrodes.  The  charge(Li  insertion)  /  discharge 
(Li  deinsertion)  experiments  were  performed 
galvanostatically  with  a  current  density  of  30  mA/g. 

Results  and  Discussion 

Figure  1  and  2  show  the  charge/discharge  voltage 
profiles  of  Al-20vol%AI203  and  Al-20vol%SiC 
composite  electrode.  In  both  cases,  the  typical  voltage 
profiles  of  pure  Al  electrode  were  observed  and  the  cycle 
performance  of  electrode  that  was  ball-milled  for  12  hours 


was  better  than  that  of  not-ball-milled  one.  Figure  3  and  4 
show  the  capacity  vs.  cycle  number  for  AJ-50vol%Al2O3 
and  Al-50vol%SiC  composite  electrodes.  In  the  same 
way,  the  cycle  performance  of  electrode  that  was  ball- 
milled  for  12  hours  was  enhanced.  And  the  capacity 
retention  increases  as  the  amount  of  A1203  or  SiC  phase  in 
the  composite  increases.  From  these  results,  it  seems  that 
inactive  AI203  or  SiC  phases  in  the  composite  powder 
plays  an  important  role  to  enhance  the  cycle  performance. 


Capacity  (mAh/g) 


0  200  «w  too  100 
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Figure  1 .  The  charge/discharge  curve  of  Al-20vol% A1203 
composite  electrodes.  (Left) 

Figure  2.  The  charge/discharge  curve  of  Al-20vol%SiC 
composite  electrodes.  (Right) 


Figure  3  and  4.  The  capacity  vs.  cycle  number  of  Al- 
50vol%Al2O3  and  Al-50vol%SiC  composite  electrode 
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The  effect  of  electrolyte  temperature  on  the 
passivity  of  solid  electrolyte  interphase  (SEI)  [1]  was 
investigated  in  a  1M  LiPF6-ethylene  carbonate  (EC)  / 
diethyl  carbonate  (DEC)  (50:50  vol.%)  electrolyte,  using 
galvanostatic  charge-discharge  experiment,  and  ac- 
impedance  spectroscopy  combined  with  in-situ  Fourier 
transform  infra-red  (FT-IR)  spectroscopy  [2,3]. 

From  the  galvanostatic  charge-discharge  curves 
in  Fig.  1,  it  was  found  that  the  irreversible  capacity  loss 
with  cycling  was  markedly  increased  with  rising  SEI 
formation  temperature  from  0  0  to  35  °C.  This  implies  that 
more  structural  damages  such  as  exfoliation  and 
amorphization  of  the  graphite  electrodes  took  place  at 
higher  SEI  formation  temperature.  The  in-situ  FT-IR 
spectra  of  the  SEI  layer  formed  at  various  temperatures 
showed  that  the  main  chemical  constituents  of  the  SEI 
layer  on  the  graphite  electrodes  were  Li2C03,  R0C02Li, 
and  LixPFy.  However,  the  relative  amounts  of  the  surface 
species  formed  on  the  graphite  electrode  were  strongly 
dependent  on  the  SEI  formation  temperature.  This  is  due 
to  the  enhanced  gas  evolution  reaction  during  SEI 
formation,  which  leads  to  the  more  defects  in  the  SEI 
layer  as  easy  co-intercalation  paths  for  lithium  ions  and 
solvated  electrolyte  molecules  with  increasing  SEI 
formation  temperature.  From  the  analysis  of  measured  ac- 
impedance  spectra,  it  was  found  that  the  resistance 
associated  with  the  SEI  layer  decreased  with  SEI 
formation  temperature,  which  is  attributable  to  the 
formation  of  the  defect-rich  SEI  layer. 

The  electrochemical  lithium  intercalation  into  the 
graphite  electrodes  was  discussed  in  terms  of  the  effect  of 
the  SEI  formation  temperature  on  both  the  structure  and 
composition  of  SEI  layer. 
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Fig.l.  Galvanotatic  charge-discharge  curves  of  the  Timrex 
SFG  6  graphite  electrodes  in  a  1M  LiPF6-EC/DEC 
electrolyte  at  20  °C.  The  electrodes  were  previously 
subject  to  a  potential  of  0.6  VLi/Li+  for  2  h  at  various  SEI 
formation  temperatures  of :  (a),  0  °C;  (b),  20  °C;  (c),  35 
°C.  The  lithium  was  charged  and  discharged  at  a  10  h  rate. 
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system.  Galvanostatic  charge-discharge  corresponds  to 
the  constant  rate  of  the  liquid  afflux  (drain). 

Consequent  phase  transformation  of  lithium- 
containing  compounds  (based  on  the  one  component)  and 
solid  phase  diffusion  of  lithium  from  one  phase  to  another 
admits  the  opportunity  of  the  connection  among  some 
tanks. 

In  general  it  has  been  established  how  the  alloy 
composition  changing  influences  on  the  electrode  charge- 
discharge  capacity,  lithium  cycling  efficiency  and  on  the 
character  of  the  parameters  changing  during  the  cycling. 


New  effective  anodic  materials  for  lithium  batteries, 
based  on  metallic  composites  were  produced  the  latest 
time  [1].  Metal  alloys,  intermetallics,  oxides  or  other 
inorganic  compounds  may  be  used  as  components  of  such 
materials.  In  accordance  with  the  role  of  each  phase 
component  of  such  systems  during  charge-discharge 
process  the  components  may  be  conditionally  divided  on 
three  groups:  1st  -phases-absorbers,  which  can  reversible 
interact  with  lithium  (reactants);  2nd  -  components,  which 
interact  with  lithium  irreversibly;  3rd  -  morphological 
consolidating  components,  which  does  not  interact  with 
lithium.  Knowledge  about  the  electrochemical  behavior  of 
individual  substances  and  their  compounds  or  mixtures  is 
necessary  for  the  choice  of  best  components  for 
composite  anodes. 

Earlier  we  in  detail  described  the  electrochemical 
behaviour  of  solid  solutions  on  the  base  of  aluminium 
during  lithium  cycling  [2].  The  aim  of  the  work  is  the 
study  of  the  influence  of  the  composition  of  two- 
component  aluminum  alloys  (intermetallics  and  binary 
mixtures)  on  the  phase  formation  peculiarities  and  lithium 
cycling  efficiency  in  the  aprotic  solvent  electrolytes. 

It  have  been  established  for  intermetallic  substrates 
that  either  pure  lithium  phase  layer  is  formed  on  the  anode 
surface  (AINi)  or  the  phase  transformation  of  AI*My  to  - 
LiAl  and  M  takes  place  (Al2Cu  and  Al3Mg2  in  part)[3]. 

Lithium  intercalation-deintercalation  processes  in  two- 
phase  electrodes  take  place  for  the  both  alloy  phases  in  a 
parallel  way.  At  that  the  influence  of  the  alloy 
composition  on  the  cycling  efficiency  and  the  charge- 
discharge  capacity  aren’t  obey  to  the  additive  scheme,  as 
it  would  be  expected  in  accordance  with  an  “independent 
realization  of  electrode  reactions  ”  principle.  An 
electrochemical  behavior  of  such  anodes  is  well  imitated 
by  the  “hydrodynamic”  model  of  the  system  of  tanks 
joined  with  one  source  of  a  liquid. 

The  filling  and  pouring  out  of  the  system  is  equivalent 
to  charge-discharge  process.  The  height  of  each  tank 
disposition  is  identical  to  the  value  of  equilibrium 
potential  (Lf/Li-compound).  The  capacity  of  each  tank  is 
determined  by  the  lithium  capacity  of  the  compound  (the 
composition  of  lithium-containing  phase)  and  depends  on 
the  nature  and  concentration  of  the  component  in  the 
alloy.  The  rate  of  the  tank  filling  (pouring  out)  is 
determined  by  the  kinetics  of  corresponding  cathodic 
(anodic)  reaction  and  may  be  imitated  by  the  temporal 
change  of  traffic  capacity  for  the  leading  (rejecting)  pipe. 
A  potentiostatic  cycling  conditions  are  reproduced  by 
means  of  the  support  of  constant  liquid  level  in  the 
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Figures 


Cycle  life  performance  of  Sn-(Li)  (1),  Al-(Li)  (2), 
A160Sn40-(Li)  (3)  and  A120Sn80-(Li)  (4)  in  0,5M 
LiCKVPC.  Potentiodynamic  cycling  in  the  potential 
range  +2,2  -0,2  V  with  the  rate  10  mV. s'1. 
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CARBON  ELECTRODE  MORPHOLOGY  AND 
THERMAL  STABILITY  OF  THE  PASSIVATION 
LAYER 

Linda  Fransson1,  Anna  M.  Andersson1,  Anita  Huss6nius2  Fig.  1  The  DSC  AH  isotherms  in  J  for:  a)  LiBF4,  b)  LiPF6, 

and  Kristina  Edstrom1  c)  LiS03CF3  and  d)  LiN(CF3S03)2 
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A  solid  electrolyte  interface  (SEI)  is  formed  during  the 
first  discharge  of  a  graphite  electrode.  This  passivation 
layer  is  responsible  for  an  irreversible  capacity  loss  but 
also  serves  as  a  protection  of  the  graphite  surface  from 
exfoliation.  A  complete  understanding  of  the  chemistry 
and  morphology  of  this  layer  is  therefore  crucial,  and  there 
have  been  numerous  investigations  of  these  features  in 
recent  years  [1-3]. 

The  choice  of  lithium-salt  anion  in  the  electrolyte  solvent 
EC/DMC  has  been  shown  to  be  of  a  vital  importance  for 
the  thermal  stability  of  this  passivation  layer  [4,5].  The 
thermal  stability  of  the  SEI-layer  formed  using  LiCF3S03 
and  LiN(S03CF3)2  will  here  be  discussed  and  compared 
with  results  from  similar  earlier  studies  based  on  the  salts 
LiPF6  and  LiBF4  [4,5]. 

A  C/Li  half-cell  configuration  was  used  in  all  experiments. 
Different  types  of  carbon,  synthetic  graphite,  MCMB  and 
carbon  black,  were  investigated  in  combination  with 
EC/DMC-based  electrolytes  containing  1  M  LiCF3S03  or 
LiN(S03CF3)2  salt.  Cells  were  precycled  at  room 
temperature  to  create  a  SEI-layer  on  the  carbon  surface. 
They  were  then  stored  in  charged  (deintercalated)  of 
discharged  (intercalated)  state  at  different  temperatures. 
After  storage,  a  number  of  different  techniques  were  used 
to  analyse  the  electrodes  and  the  resulting  electrolyte 
solutions:  continued  electrochemical  cycling  to  probe 
electrochemical  response  to  temperature  treatment;  in  situ 
XRD  and  SEM  studies  to  characterize  morphology;  DSC 
to  investigate  the  thermal  response;  NMR  to  determine 
changes  in  the  electrolyte,  and  XPS  measurements  to 
analyse  compositional  and  SEI  layer  thickness  changes. 

We  find  a  clear  correlation  between  the  lithium  salt  in  use 
and  the  degradation  of  the  SEI  layer  at  elevated 
temperature.  In  Table  1  the  starting  temperature  for  SEI- 
degradation,  based  on  DSC  measurements,  is  presented  for 
each  salt. 


Table  1 


1  M  lithium  salt  in 

Onset  temp,  for  breakdown 

EC/DMC  2:1 

of  passivation  layer/  °C 

LiBF4 

58 

LiPF6 

89 

LiS03CF3 

105 

LiN(S03CF3)2 

120 

Not  only  does  the  onset  temperature  differ  between  the 
salts,  but  also  the  shape  of  the  exothermic  isotherm  (Fig.  1 
a-d),  which  suggests  different  thermal  breakdown 
mechanisms. 
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Reaction  mechanisms  will  be  discussed  in  relation  to  the 
lithium  salt  used  and  the  morphology  of  the  carbon 
electrode. 


Abstract  No.  83 


THERMAL  STABILITY  OF  A  HOPG/LIQUID 
ELECTROLYTE  INTERFACE  USING  IN  SITU 
ELECTROCHEMICAL  ATOMIC  FORCE 
MICROSCOPY 

Kristina  Edstrom  and  Merja  Herranen 

Inorganic  Chemistry,  Angstrom  Laboratory,  Uppsala 
University,  Box  538,  SE-751  21  Uppsala,  SWEDEN 

In  situ  atomic  force  microscopy  (AFM)  has  been  used  to 
follow  morphological  changes  of  the  thermal  stability  of  a 
highly  oriented  pyrolytic  graphite  (HOPG)/electrolyte 
interface.  The  novelty  of  this  study  is  that  the 
morphological  changes  of  the  HOPG/electrolyte  interface 
are  studied  in  situ  as  a  function  of  temperature.  Hence  the 
thermal  stability  of  the  electrolyte  could  be  studied.  An 
organic  solvent  of  1  M  LiBF4  in  EC/yBL  2:1  was  used  as 
electrolyte  with  a  water  content  of  1%.  Cyclic 
voltammetry  was  performed  and  showed  a  water 
reduction  as  expected  at  1.3  V  vs.  Li/Li+.  A  passivation 
layer,  sometimes  called  a  Solid  Electrolyte  Interface, 


formed  on  the  HOPG  surface  at  0.8  V  as  followed  by  in 
situ  AFM  (Fig.  la  and  b).  Lithium-ion  intercalation  into 
the  graphite  started  at  0.2V.  In  situ  AFM  temperature 
measurements  were  carried  out  at  25,  40,  50,  60  and  70 
°C.  At  50  °C  a  destruction  of  the  passivation  layer, 
changing  its  morphology,  could  be  detected.  The  SEI- 
layer  was  cracking  forming  islands  with  unprotected 
graphite  surface  in  between  (Fig.  2a).  At  higher 
temperatures  the  reaction  products  -  islands  -  were  even 
more  concentrating  to  the  HOPG  edge  planes  (Fig.  2b). 
The  effect  of  the  lithium  salt  (here  LiBF4)  and  water  are 
discussed  in  the  light  of  the  morphological  changes  in 
comparison  with  electrochemical  cycling  results,  XPS  and 
DSC  studies. 
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Figure  1  AFM  images  (scan  size  1  x  1  urn2)  of  a)  an 
untreated  HOPG  surface  in  electrolyte  and  b)  the  SEI 
layer  formed  on  the  surface  after  CV. 


Figure  2  AFM  images  (scan  size  3x3  pm2)  of  the  SEI 
layer  at  a)  50°  C  and  b)  70°  C. 
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There  have  been  a  variety  of  carbon  compounds  studied 
as  possible  anodes  for  lithium-ion  cells  including  graphite 
[1]  coke,  [2]  and  various  poorly  crystalline  carbons  [3]. 
Although  these  materials  have  shown  reasonable 
behaviour  in  commercial  cells,  there  are  certain 
limitations  associated  with  the  carbon  intercalation  anode. 
In  search  for  newer  anode  materials  to  replace  carbon 
systems  with  respect  to  its  limited  capacity  of  <  370 
mAh/g  [4]  in  commercial  systems,  an  alternative  system 
has  recently  been  announced  by  Fuji  in  a  series  of  patents 
[5,6]  and  publications  [7],  The  system  is  based  on  an 
inorganic  amorphous  anode  system  containing  metallic 
elements  of  groups  III,  IV,  or  V.  The  most  impressive 
results  were  reported  for  oxides  of  tin,  SnO,  or  Sn02. 

We  propose  here,  for  the  very  first  time,  another 
new  inorganic  anode  material,  CaSi2  ,  which  can  possibly 
insert  Li+  ions  into  its  host  lattice  and  behave  reversibly 
in  a  lithium  containing  cells.  Our  preliminary  analysis  on 
this  new  material  shows  promising  reversible  behaviour 
over  extended  cycles.  In  view  of  its  novelty  in  lithium 
battery  applications,  we  report  here  the  preliminary 
electrochemical  properties  in  actual  test  cells  in  a  flooded 
electrolyte  environment. 

The  structure  of  CaSi2  has  a  trigonal- 
rhombohedral  crystal  lattice  [8] .  The  stacking  sequence 
of  Ca  trigonal  layers  repeats  after  six  layers  (tr6).  The 
cell  constant  a  =  10.4  □  with  the  space  group  D53J 
(R  3  m).  Our  electrochemical  studies  prove  that  the 
existence  of  the  open  structures  facilitate  the  insertion  of 
Li+  comfortably  into  its  host  lattice  leading  to  the 
probable  stoichiometry  of  LixCaSi2.  This  prompted  us  to 
explore  this  compound  for  lithium-ion  battery  application. 

Electrochemical  studies  were  carried  out  in  order 
to  ascertain  the  lithium  ion  insertion  into  CaSi2  matrix. 
The  test  cells  were  fabricated  in  the  following 
configurations: 

(1)  Li  metal/ CaSi2  (Cell  #1)  [OCV  =  2.98  V) 

(2)  LiMn204  /  CaSi2  (Cell  #2)  [OCV  =  0. 1 2  V] 
The  CaSi2  powders  were  procured  from  Fluka  (Germany) 
and  used  as  received.  The  powders  were  mixed  with  a 
PTFE  binder  and  an  electroconductive  carbon  (black 
carbon)  powder  in  a  weight  ratio  90:5:5,  respectively  and 
compressed  into  circular  pellets  (20  mm)  on  copper  mesh 
(Exmet,  U.S.A).  The  composite  CaSi2  electrode  was 
mounted  in  a  2450  coin  type  cell  hardware  with  a  celgard 
2400  polypropylene  microporous  separator  sandwiched 
between  lithium  metal  (Cell  #1)  and  also  with  composite 
spinel  LiMn204  (Cell  #2)  [9].  The  electrolyte  used  was 
1M  LiBF4  in  EC  +  DMC  (1:1).  The  cells  were  fabricated 
in  a  argon  filled  glove  box. 

The  test  cells  were  subjected  to  potentiostatic 
charge/discharge  cycles  using  BAS  (LG  50),  The  CV 
results  obtained  for  Cell  #2  is  shown  in  figure  1. 


The  galvanostatic  charge/discharge  studies  on  cell  #1 
surprisingly  proved  that  the  CaSi2  exhibits  the  similar 
charge/discharge  trend  of  a  carbon  based  Li/C6  system. 
The  curve  of  Li/CaSi2  shows  that  the  working  potential 
range  of  0.015  to  0.7  V  versus  Li/Li+  which  is  very  much 
suitable  for  use  as  negative-electrode  active  material  in 
Li-Ion  batteries. 

The  complete  details  on  the  obtainable  reversible  Li-Ion 
storage  capacity  and  number  of  possible  cycles  and  the 
self-discharge  details  will  be  presented.  Also,  another  a 
couple  of  new  materials  in  this  family,  NiSi2  and  CoSi2 
will  also  be  proposed. 


1 

I 

a 


Fig.  1 :  Typical  cyclic  voltammetric  curves  of 
LiMn204/CaSi2  cells 
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Introduction 

The  work  related  to  this  abstract  involved  a  rigorous  study 
of  the  correlation  among  surface  chemistry  (FTIR,  XPS), 
3D  structure  (X-ray  and  neutron  scattering),  morphology 
(SEM,  AFM),  and  electrochemical  and  impedance  behavior 
of  lithiated  carbon  electrodes  in  commonly  used  liquid 
electrolyte  solutions.  Of  special  importance  was  the  fact  that 
four  different  types  of  carbons  were  explored  in  a  single 
study.  These  included,  for  comparison,  two  types  of  hard, 
disordered  carbons,  carbon  nanotubes*1’  and  synthetic 
graphite  powder. 

Experimental 

Graphite  powders  from  Timcal  Inc.,  hard,  disordered 
carbons  from  Mitsubishi  Inc.,  carbon  nanotubes  from  Rice 
University,  and  ready  to  use,  Li  battery  grade  electrolyte 
solutions  from  Merck  KGaA,  have  been  used.  The 
preparation  of  composite  carbon  electrodes  and  the 
performance  of  their  FTIR,  XPS  morphological, 
electrochemical  and  impedance  measurements  were  already 
described/2’  The  nanotubes  (NT)  could  be  used  as 
electrodes  as  received  (‘bucky  paper,(3)).  The  performance 
of  the  3D  analysis  by  diffraction  methods  is  described  in 
ref.  (4).  In  this  study  we  used  two  types  of  disordered 
carbons,  denoted  as  CA  and  CB.  The  former  exhibits  a 
higher  degree  of  order  (R  factors  calculated  from  XRD  are 
9.1  and  6,  respectively).  The  H/C  ratios  for  these  carbons 
(0.04  and  0.13,  respectively)  were  obtained  from  prompt 
gamma  activation  analysis.  These  carbons  can  insert  lithium 
at  capacities  of  >400  mAh/gr  for  CA  and  >750  mAh/gr  for 
Cb  (irreversible  capacity  around  25%),  as  reported  by  their 
manufacturer. 

Results  and  discussion 

An  important  experimental  result  is  the  excellent  coherence 
in  the  results  obtained  from  FTIR  and  XPS  surface 
measurements.  All  the  pristine  carbons  are  covered  by 
surface  groups  containing  carbonyl  groups  (e.g.  ketones, 
aldehyde,  carboxyl).  Judging  from  the  percentage  of  surface 
oxygen  (XPS)  and  the  intensity  of  the  surface  C=0  peaks, 
the  disordered  carbons  contain  more  surface  groups  that  the 
graphite  and  the  nanotubes  (the  latter  seem  to  be  the  most 
surface-group  free  of  the  four  carbons  studied).  Regarding 
the  disordered  carbons,  CA,  which  possesses  the  lower 
hydrogen  content  of  the  two,  is  the  richest  in  surface  groups 
(it  may  be  connected  with  the  low  H  content). 

We  used  LiPF6,  LiAsF6  and  LiC(S02CF3)3  solutions  in 
EC/DMC  mixtures.  Polarization  of  all  carbons  to  low 
potentials  (>0.V  vs.  Li/Li+)  leads  to  their  coverage  by 
surface  films,  which  are  dominated  by  solvent  reduction 
products  (organic  carbonates).  All  the  salts  mentioned 
above  are  also  reduced  on  the  lithiated  carbons.  Hence,  the 
surface  films  also  contain  species  of  the  LixAsFy,  LixSyOz, 
Li„PFy  type  (in  the  relevant  salt  solutions),  and  LiF.  The 
surface  chemistry  developed  on  all  of  these  carbons  is 
similar,  and  the  solution  reduction  is  more  dominant  in  the 
surface  film  formation  than  reduction  of  the  surface  groups 
covering  the  pristine  materials. 


Galvanostatic  and  voltammetric  cycling  shows  that  the 
disordered  carbons  indeed  possess  a  very  high  reversible 
capacity  (»  372  mAh/gr),  which  deteriorates  upon  cycling. 
The  behavior  of  the  nanotubes  and  graphite  upon  cycling  is 
definitely  more  stable  than  that  of  the  disordered  carbons. 
Highly  interesting  is  a  comparison  of  the  impedance 
behavior  of  these  electrodes.  Nyquist  plots  obtained  with  all 
four  electrodes  show  a  very  similar,  high  frequency 
behavior:  a  semicircle  which  reflects  Li-ion  migration 
through  the  surface  films,  coupled  with  film  and  interfacial 
capacitances.  It  is  very  significant  that  the  high  frequency 
behavior  of  electrodes  comprised  of  the  disordered  carbons 
depends  slightly  on  the  potential,  and  that  of  the  Li-graphite 
electrodes  depends  pronouncedly  on  the  electrode’s 
potential.  These  differences  definitely  reflect  different 
reversible  structural  changes  as  Li  insertion-deinsertion 
proceeds. 

The  low  frequency  behavior  of  these  electrodes,  which 
basically  constitutes  straight  lines  of  -Z"  vs.  Z',  whose 
slopes  increase  as  the  frequency  decreases,  reflects 
pronounced  differences  in  the  kinetics  of  Li  insertion  into 
the  4  carbons  studied.  The  impedance  spectra  of  the  Li- 
graphite  and  Li-nanotube  electrodes  clearly  reflect  solid 
state  diffusion  of  Li  ions  into  the  carbon  bulk,  (“Warburg”- 
type  elements).  The  impedance  behavior  of  the  disordered 
carbon  electrodes  seems  to  indicate  that  Li  is  not 
intercalated  into  them,  but  rather  inserted  in  chemisorption- 
type  processes. 
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Introduction 

In  a  similar  manner  to  lithium,  magnesium  is  usually 
covered  by  surface  films.(1)  However,  in  contrast  to  the  case 
of  lithium,  the  surface  films  which  cover  Mg  electrodes  in  a 
large  variety  of  non-aqueous  systems  (e.g.  solutions  based 
on  alkyl  carbonates,  esters,  acetonitrile,  and  other  polar 
solvents)  can  not  conduct  the  bivalent  Mg++  ions.  It  is  well 
known  that  Mg  electrodes  may  behave  reversibly  in 
Grignard  salt  solutions  in  ethers  (RMgX;  R  =  alkyl,  aryl,  X 
=  Cl,  Br).(2)  In  addition,  there  was  a  report  on  the  reversible 
behavior  of  Mg  electrodes  in  THF/Mg(BR4)2  solutions  (R  = 
alkyl,  aryl  groups)/3*  The  present  work  is  aimed  at  a 
rigorous  study  of  Mg  electrodes  in  solutions  in  which 
reversible  deposition-dissolution  of  magnesium  can  be 
obtained.  The  study  benefited  from  the  use  of  a  variety  of  in 
situ  spectroelectrochemical  techniques,  including  FTIR, 
EIS,  STM  and  EQCM,  and  ex  situ  surface  sensitive  tools 
such  as  SEM,  EDAX  and  XPS  in  conjunction  with 
electrochemical  techniques. 

Experimental 

The  use  of  EQCM,  FTIR,  EIS,  electrode  preparation,  and 
the  configuration  of  the  electrochemical  cells,  as  well  as 
other  details  on  the  experimental  set-up,  has  already  been 
reported.0,4*  The  application  of  in  situ  STM  to  highly 
reactive  electrochemical  systems  is  described  in  ref.  5. 
Grignard  salts  were  purchased  from  Aldrich  and  Mg(BR4)2 
were  prepared  as  described  in  ref.  3. 

Results  and  discussion 

In  addition  to  Grignard  salts  (RMgX)(2)  and  Mg(BR4)2(3)'  we 
also  studied  solutions  of  new  electrolytes  that  we  developed 
with  the  general  structure  of  Mg(AX4.nR''n-Rn-)2  where 
A=A1  or  B,  X=C1  or  Br,  R=various  alkyl  or  aryl  groups,  and 
0>n>4;  n'+n"=n.  Relevant  solvents  are  cyclic  ethers  such 
as  THF  and  polyethers  from  the  ‘glyme’  family. 
Magnesium  deposition  and  dissolution  processes  are 
reversible  in  the  three  classes  of  electrolyte  solutions, 
namely,  the  Grignard  salts,  borates  and  aluminates. 
However,  the  electrochemical  window  of  the  RMgX/ether 
solutions  is  around  1.2  V  (i.e.  the  salt  is  oxidized  at  this 
potential).  The  electrochemical  windows  with  the  Mg 
borates  and  aluminates  are  1.8  V  and  up  to  2.5  V, 
respectively.  Hence,  the  latter  ones  can  be  used  as 
electrolytes  in  rechargeable  Mg  batteries.  In  all  three  types 
of  electrolyte  solutions,  magnesium  electrodes  are  not 
covered  by  passivating,  stable  surface  films.  This  was 
evident  from  in  situ  FTIR,  STM  and  EQCM  measurements. 
Hence,  reversible  Mg  deposition-dissolution  is  possible  due 
to  the  development  of  film  free  conditions  on  the  Mg 
surfaces.  It  should  be  mentioned  that  if  passivating  surface 
films  covered  the  Mg  surfaces,  it  would  be  impossible  to 
obtain  the  high  resolution  STM  images  that  could  be  seen. 
However,  Mg  deposition  is  not  a  simple  process  of  the 
Mg/Mg++  red-ox  couple. 

In  a  separate  study,  we  accumulated  evidence  that  highly 
complicated  structures  are  formed  in  these  solutions,  which 
involve  the  formation  of  cationic  complexes  comprised  of 
Mg  halide  ions  and  solvent  molecules,  whose  counter  ions 
are  halides,  alkyl  anions  and/or  organoborate  and  organo 
aluminate  anions.  The  Mg  deposition-dissolution  processed 
are  accompanied  by  adsorption  processes  that  lead  to  a  high 
impedance  that  Mg  electrodes  develop  during  storage  at 


OCV,  However,  as  Mg  deposition-dissolution  proceeds,  the 
electrode  impedance  drops  due  to  the  dynamics  of  these 
processes,  which  interfere  with  the  stability  of  the  adsorbed 
species  on  the  Mg  surfaces  (which  cause  the  high 
impedance  developed  with  Mg  electrodes  at  rest). 

Hence,  we  see  a  pronounced  difference  in  the  behavior  of 
reversible  Li  and  Mg  electrodes.  In  the  former  case,  stable, 
passivating  films  protect  the  active  metal  from  reactions 
with  solution  species  and  hence,  the  electrochemical 
processes  occur  by  migration  of  Li-ions  through  the  surface 
films. 

In  the  case  of  Mg  electrodes,  a  condition  for  reversibility  is 
inertness  with  solution  species,  and  hence,  the  absence  of 
passivation  phenomena.  It  should  be  mentioned  that  cycling 
efficiency  close  to  100%  could  be  obtained  with  magnesium 
electrodes  during  hundreds  of  charge-discharge  cycles  in 
selected  electrolyte  solutions  comprising  ethers  and  Mg 
aluminate  salts. 
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In  recent  years,  Li-Sn  alloy  compounds  have  attracted 
many  researchers  in  the  sense  of  application  to  the  anode 
material  of  rechargeable  lithium  battery.  Sn02  was 
attempted  to  create  the  Li-Sn  alloy  by  electrochemical 
reducing.  In  order  to  use  the  Li-Sn  alloy  for  the  anode  of 
rechargeable  Li  battery,  some  other  Sn  compounds  can  be 
the  starting  material  for  Li-Sn  alloy.  In  this  study  we  have 
examined  the  possibility  of  using  SnS2  as  a  starting 
material  for  the  lithium  battery  anode. 

The  amorphous  SnS2  powder  was  made  as  follows. 
The  aqueous  solution  of  SnCl4  5H20  and  thioecetamide 
was  sonicated  for  30  minutes  at  room  temperature  under 
air,  The  amorphous  SnS2  was  obtained  as  a  precipitate. 
Part  of  resulting  amorphous  SnS2  was  sintered  at  400  °C 
to  convert  to  the  crystalline  SnS2. 

The  SnS2  powder  was  mixed  with  poly(viny!iden 
fluoride  hexafluoropropylene)  (PVdF-HFP)  (10  wt.  %) 
and  carbon  powder  (10  wt.  %)  in  THF  solvent.  The 
mixture  was  casted  onto  the  Ni  form  and  dried.  The 
resulting  electrode  was  pressed  and  used  for  the 
electrochemical  tests. 

Figure  1  shows  the  cyclic  voltammograms  for  the 
SnS2  electrodes.  At  the  first  potential  sweeping  towards 
the  anodic  direction  of  voltammetry,  a  large  cathodic 
current  was  observed  around  0.9  V  vs.  Li/Li+,  while  in  the 
subsequent  potential  cycling  no  more  large  cathodic 
current  was  detected  around  1  V  vs.  Li/Li*.  There  appear 
redox  peak  couple  at  0. 1  V  vs.  Li/Li+  in  the  cathodic  scan 
and  at  0.3  V  vs.  Li/Li+  in  the  anodic  scan  for  all  the 
cycling.  From  these  results,  the  large  cathodic  irreversible 
current  was  supposed  to  exhibit  the  formation  of  Sn  metal 
particle  from  the  SnS2  powder  with  the  Li2S  formation. 
And  the  redox  couple  will  be  the  charge  discharge 
reaction  of  Li  with  Sn  particle. 

Figure  2  shows  the  potential  curve  of  SnS2  electrode. 
The  first  cycling  of  both  electrodes  exhibits  enormous 
irreversible  capacitance.  That  indicates  the  formation  of 
Sn  particle  from  the  SnS2  powder  similar  with  the  Sn02 
electrode.  During  the  subsequent  cycling,  the  electrode 
was  charged  in  the  potential  range  of  0.5  ~  0  V  vs.  Li/Li+ 
and  discharged  in  the  potential  range  of  0.5  ~  0.7  V  vs. 
Li/Li+.  The  discharge  capacity  and  coulombic  efficiency 
for  these  electrodes  are  shown  in  Fig.  3.  Comparing  the 
capacity  of  SnS2  electrodes,  it  is  clear  that  the  crystalline 
SnS2  has  larger  capacity  as  the  rechargeable  lithium 
battery  anode.  The  initial  capacity  of  crystalline  SnS2 
shows  above  600  mAh  g'1,  and  decreases  gradually  to  400 
mAh  g'\  while  the  capacity  of  amorphous  SnS2  decreases 
from  300  to  200  mA  g'2.  The  value  of  coulombic 
efficiency  shows  same  tendency.  In  the  initial  cycling,  the 
efficiency  was  less  than  50  %  and  showed  sudden 
jumping  to  80  %  in  the  second  cycling.  After  the  third 
cycling,  the  efficiency  was  kept  at  the  value  of  about  90  - 
95  %.  These  results  indicate  that  the  conversion  of  SnS2 
into  Sn  metal  or  Sn-Li  alloy  was  taken  place  in  the  initial 


cycle  and  completed  after  a  few  cycling.  Almost  the  same 
amount  of  charge  was  stored  in  the  resulting  metal 
compound  in  subsequent  charge-discharge  cycling  as  the 
charge  of  conversion.  These  results  exhibit  a  good 
agreement  with  the  results  obtained  from  the  cyclic 
voltammetry. 

In  conclusion,  amorphous  SnS2  and  crystalline  SnS2 
were  studied  in  order  to  apply  as  the  novel  anode  material 
to  rechargeable  lithium  battery.  The  crystalline  SnS2 
showed  a  high  capacity  as  the  anode  with  the  value  of  600 
mAh  g'1  at  the  initial  stage.  The  amorphous  SnS2  had  the 
capacity  of  about  300  mAh  g The  crystalline  SnS2  was 
revealed  as  a  promising  candidate  for  the  rechargeable 
lithium  battery  anode. 

This  study  was  financially  supported  in  part  by  NEDO 
International  Joint  Research  Grant. 


Fig.  1  Cyclic  voltammograms  for  amorphous  or 
crystalline  SnS2  electrodes  obtained  at  0.1  mV  s'1  in 
1  O  M  I  iriO./CFr  pr  =  1  •  1 1  vlf*  solution 
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Fig.  2  Charge  and  discharge  curves  for  SnS2 
electrode  in  1.0  M  LiCICV(EC:PC=l:l)  under 
constant  current  density  of  50  mA  g'\  The  operated 
potential  range  was  0  -  2  V  vs.  Li/Li*. 
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Fig.  3  Cycling  performance  of  SnS2  in  1.0  M 
LiCi(V(EC:PC=l:I)  under  constant  current  density 
of  50  mA  g'1.  The  operated  potential  range  was  0  ~  2 
V  vs.  Li/Li+. 
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Introduction 

Although  the  basic  features  of  battery  performance 
(operating  voltage,  energy  density,  etc.)  are  essentially 
determined  by  the  active  materials  used  as  the  cathode 
and  anode,  the  chemistry  of  electrolyte  often  affects 
battery  performance  significantly.  Up  to  now,  much 
attention  has  been  focused  on  the  effects  of  electrolyte 
composition  on  the  charge/discharge  characteristics  of 
various  carbonaceous  anode  materials.  PC(propylene 
carbonate)-based  electrolyte  tend  to  decompose 
electrochemically  on  the  highly  graphitized  carbon  anodes 
during  the  charging  process,  so  the  more  stable 
EC(ethylene  carbonate)-based  electrolytes  are  used  in 
lithium-ion  batteries.  In  this  study,  we  investigated  the 
effects  of  the  electrolyte  composition  on  the 
charge/discharge  characteristics  of  Sn  electrodes  during 
Li  insertion/removal. 

Experimental 

The  electrode  materials  used  in  this  study  were 
Sn(99.8%,  -325mesh,  Aldrich)  and  Al(99.9%,  ca.  20pm, 
Kojundo).  The  electrodes  were  prepared  by  coating 
slurries  (active  material  powders  (80wt%),  carbon 
black(10wt%)  and  PVDF(10wt%)  dissolved  in  NMP)  on 
a  Cu  foil  substrate.Coin-type  test  cells  were  assembled  in 
an  argon-filled  glove  box  using  a  Celgard  2400  as  a 
separator  and  Li  foil  as  counter  electrodes.  The  tested 
electrolytes  were  1  M  LiPF6,  EC/DEC(1:1),  1  M  LiC104, 
PC/DME(1:1)  and  1  M  LiPF6,  PC/DME.(1:1).  The 
charge-discharge  experiments  were  performed 
galvanostatically  within  a  fixed  voltage  window. 

Results  and  Discussion 

Figure  1  shows  the  the  voltage  profile  of  Sn  electrode 
for  the  first  cycle  in  1  M  LiPF6,  EC/DEC  (1:1)  with 
constant  current  density  of  30  mA/g.  As  shown  in  Figure 
1,  the  first  voltage  plateau  was  observed  at  about  1.5  V 
(vs.  Li/Li+).  Because  first  voltage  plateau  of  Li-Sn 
alloying  reaction  was  reported  at  0.8  V  (vs.  Li/Li+),  it  is 
difficult  that  the  plateau  observed  at  1.5  V  was  assigned 
as  Li-Sn  alloying  reaction.  This  voltage  plateau  was 
probably  due  to  the  electrolyte  decomposition.  It  is 
noteworthy  that  the  charge  and  discharge  capacity  of  the 
first  cycle  were  smaller  than  the  value  normally  reported. 
On  the  other  hand,  voltage  plateau  above  mentioned  could 
be  not  observed  in  the  case  of  A1  electrode  under  same 
condition.  (Figure  2).  It  indicates  that  electrolyte 
decompositon  reaction  on  the  metal  electode  does  not 
always  occur.  Figure  3  illustrates  the  voltage  profile  of  Sn 
electrode  for  the  first  cycle  under  same  condition  with 
higher  reaction  rate  (100  mA/g).  It  was  found  that  higher 
reaction  rate  prevented  from  side  reaction  and  charge- 
discharge  value  reached  the  value  generally  reported. 
Figure  4  shows  the  voltage  profile  of  the  Sn  electrode  for 
the  firsty  cycle  in  1  M  LiPF6,  PC/DME  (1:1)  with 
constant  current  density  of  30  mA/g.  The  voltage  profile 


above  mentioned  was  not  observed  al  all  in  PC-based 
electrolyte.  As  a  result,  it  was  found  that  the 
electrochemical  characteristics  of  Sn  metal  electrode  were 
depended  upon  kinds  of  solvent  in  the  electrolyte.  In 
particular,  side  reaction  was  occurred  significantly  in  EC- 
based  electrolyte. 


Capacity  (mAh/g) 


Figure  1.  The  Voltage  profile  for  the  first  cycle  of  the  Sn 
metal  electrode.(  LiPF6,  EC/DEC(1:1),  30  mA/g) 
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Figure  2.  The  Voltage  profile  for  the  first  cycle  of  the  Al 
metal  electrode.(  LiPF6,  EC/DEC(1:1),  30  mA/g) 
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Figure  3.  The  Voltage  profile  for  the  first  cycle  of  the  Sn 
metal  electrode.(  LiPF6,  EC/DEC(1:1),  100  mA/g) 
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Figure  4.  The  Voltage  profile  for  the  first  cycle  of  the  Sn 
metal  electrode.(  LiC104,  PC/DME(1:1),  30  mA/g) 
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ABSTRACT 

The  announcement  of  new  generation  of  lithium 
ion  battery  based  upon  the  use  of  the  amorphous 
tin  based  composite  oxide  (TCO)  by  Fujifilm 
Celltec  Co.[1]  arose  significant  interest  in 
amorphous  alloys  as  anode  materials.  In  TCO, 
tin  oxide  is  converted  to  a  lithium-tin  alloy 
during  cycling  process  and  only  the  tin  alloy1  1 
serves  as  the  active  media.  Making  use  of 
amorphous  alloy  directly  may  have  some 
advantages  over  the  tin  oxide  composite.  In 
present  work,  Sn-Ca  system  was  selected  due  to 
the  fact  that  calcium  has  very  high  elastic 
modulus  than  other  elements  like  Cu,  Fe  etc  and 
it  can  absorb  large  mechanical  strain  and  stress 
during  the  cycles  of  charge  and  discharge. 

The  amorphous  Sn-Ca  alloys  were  synthesized 
by  reducing  the  SnCh  and  CaC03  solution 
making  use  of  NaBH4  as  the  reducing  agent.  The 
amorphous  state  of  the  materials  was  confirmed 
by  XRD  and  DSC  techniques.  Since  the 
materials  are  synthesized  by  chemical  route,  the 
particles  are  homogeneous  and  their  size  is  less 
than  100  nm.  The  amorphous  state  can  be 
modified  by  using  different  synthesis  conditions. 
DSC  curves  indicate  that  all  amorphous 
materials  exhibit  endothermal  transition  in  the 
range  of  150  to  200  °C. 

The  capacity  of  the  material  is  found  to  be  400 
mAh/g  and  62  %  of  it  has  been  retained  after  60 
cycles  (Fig.l).  The  ex-situ  XRD  technique  was 
used  to  illustrate  the  progress  of  lithium 
intercalation.  Cyclic  voltammogram  shows  that 
two  peaks  located  at  0.6  and  0.2  volt 
respectively  correspond  to  the  charge  and 
discharge  plateaus  (Fig.2a).  Fig.2b  illustrates  the 
first  five  cycle  performance.  The  observation  of 
voltage  plateau  at  about  1.0  V  confirms  the 
formation  of  Solid  Electrolyte  Interphase  (SEI) 
on  the  surface  of  the  alloy  anode. 
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Introduction 

We  have  recently  initiated  studies  to  analyze  the  role 
of  the  edge  and  basal  plane  sites  on  the  magnitude  of 
the  irreversible  capacity  loss  (ICL)  on  natural 
graphites  electrodes  for  Li-ion  batteries.  The  aim  of 
this  effort  is  to  develop  a  better  understanding  of  the 
contribution  of  these  two  distinct  surface  sites  to  the 
ICL.  To  conduct  this  investigation,  graphite  particles 
that  consist  solely  of  edge  and  basal  plane  surface  sites 
are  desired.  Unfortunately,  this  ideal  structure  is  not 
available.  As  an  alternative,  flake-like  graphite 
powders  of  varying  average  sizes  were  used  to 
simulate  the  ideal  graphite  structure.  In  this  paper  we 
present  the  results  of  an  analysis  to  illustrate  the  role 
of  edge  and  basal  plane  sites  on  the  electrochemical 
behavior  of  flake-like  natural  graphite.  The 
electrochemical  reactions  involving  the  decomposition 
of  nonaqueous  electrolyte  during  the  initial  charge 
(intercalation)  of  carbon,  which  is  associated  with  the 
ICL,  was  investigated 
Experimental 

Five  samples  of  flake-like  natural  graphite  powders 
were  obtained  from  a  commercial  source.  These 
samples  have  average  dimensions  of  2,  12,  20,  30  and 
40  pm  in  the  direction  parallel  to  the  basal  plane,  and 
it  is  these  dimensions  that  are  referred  to  as  the 
average  particle  size.  Scanning  electron  microscopy 
(SEM,  Hitachi)  was  employed  to  determine  the 
morphology  and  dimensions  of  the  edge  and  basal 
plane.  X-ray  diffraction  (XRD)  analysis  (Siemens 
D500  Diffractometer)  was  used  to  determine  the  doo2 
spacing  and  the  crystallite  size,  Lp.  The  Brunauer- 
Emmet-Teller  (BET)  surface  area  was  measured  with  a 
Quantachroine  Autosorb  automated  gas  sorption 
system  using  N2  gas. 

Electrochemical  measurements  of  the  charge/discharge 
of  the  natural  graphite  were  conducted  in  an 
electrolyte  containing  1  M  LiC104  in  1:1  (volume 
ratio)  ethylene  carbonate  (EC)-dimethyl  carbonate 
(DMC)  (Tomiyama  Pure  Chemical  Industries  Ltd). 
The  working  electrode  was  fabricated  from  a  mixture 
of  the  natural  graphite  and  poly(vinylidene  fluoride 
(PVDF)  dissolved  in  1  -methyl-2-pyrrolidinone 
(NMP).  The  slurry  was  spread  onto  a  copper  grid  and 
dried  under  vacuum  at  95»  C  for  24  h.  The  working 
electrodes  were  evaluated  in  a  three-electrode  cell  that 
contained  metallic  Li  as  both  counter  and  reference 
electrodes.  The  cells  were  assembled  in  a  glove  box 
under  an  Ar  atmosphere  containing  less  than  5-ppm 
humidity.  The  natural  graphite  samples  were  cycled  at 

a  C/24  rate  between  2.5  and  0  V  vs  Li/Li+  with  a 
MacPile  II  (Bio  Logic,  France). 

Results 

The  surface  area  of  the  model  structures  was 
determined  with  the  use  of  Eq  : 

S  =  2(B  +  2T )/  pBT 

where  p  is  the  density,  B  is  the  average  particle  size 
and  T  is  the  thickness  of  the  edge  plane.  This  value 
can  be  compared  to  the  BET  surface  area,  SgET> 
which  considers  adsorption  on  essentially  a  smooth 
surface,  and  the  BET  surface  area  is  used  for  the 
natural  graphite  samples.  The  ICL  that  was  calculated 
for  the  model  structures  and  the  experimental  data 
obtained  for  natural  graphite  is  plotted  in  Fig.  1  as  a 
function  of  surface  area. 

With  the  exception  of  the  calculated  ICL  values  for 
small  particle  size  (B  <5  pm),  the  trend  line  shows  a 
linear  relationship  between  ICL  and  surface  arear 
Closer  inspection  of  the  results  indicates  that 
differences  exist  in  the  slope  of  the  data  for  the 
different  flake  and  cube  structures,  indicating  the 
contribution  of  the  relative  fraction  of  edge  and  basal 


plane  sites  on  the  total  ICL.  The  2-pm  flake  has  a 
proportionally  higher  fraction  of  edge  sites  than  the 
other  flake-like  structures,  and  consequently  its 
change  in  ICL  with  surface  area  is  much  greater. 
Based  on  the  analysis  of  the  two  different  prismatic 
structures,  flake-like  versus  cube,  the  latter  particle 
morphology  appears  to  offer  an  advantage  in 
electrochemical  performance.  That  is,  the  cube 
structure  has  a  lower  ICL  and  higher  CE  than  flake¬ 
like  particles  of  comparable  size. 
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Recently  a  range  of  new  carbons 
materials  -  Ultra  Fin  Carbon  (UFC) 
and  Graphite  with  nanopartical  size 
appear  on  the  battery  marked  as 
conductive  additive  for  cathode 
application  in  both,  aqueous  and  non 
aqueous  medias.  The  use  of  UFC 
material  as  performing  agent  for  aged 
Pb  cells  was  demonstrated  recently 
(Long  Beach  IBA  Meeting  1997  and 
Marrakech  IBA  Meeting  1999). 
Having  in  mind  that  the  UFC  and 
nanopartical  size  Graphite  are  carbon 
materials  we  decide  to  test  them  also 
as  hosting  compounds  for  lithium  ions 
in  lithium  -  ion  batteries. 

The  physicochemical 

parameters,  as  SSA,  total  pore 
volume,  pore  distribution,  and  the 
XRD  analysis  of  this  materials 
confirm  our  prediction  that  the 
characteristics  of  virgin  material  are 
very  close  to  that  of  other  carbon 
materials  used  as  conductive  binders 
or  intercalating  anodes  in  lithium  ion 
cells.  The  UFC  materials  are 
available  only  as  suspensions,  aqueous 
or  nonaqueous  contrary  to  the 
nanopartical  size  graphite  witch  is 
powder.  We  have  investigated  and 
demonstrated  that  applying  an 
appropriated  technique  it  is  possible 
to  use  aqueous  and  non  aqueous 
suspensions  or  powder  material  as 


conductive  additives  or  active 
electrode  materials  in  lithium  cells. 
The  electrochemical  characteristics  of 
thus  investigated  electrodes  depend  on 
the  first  lithiation,  in  the  case  of  use 
of  these  materials  as  intercalating 
compounds  (anodes),  on  the  current 
density  of  intercalation 

deintercalation  and  the  nature  of  the 
used  electrolyte.  A  specific 
characteristics  within  150-320  mAh/g 
at  the  10th  cycles  are  obtained  in  best 
conditions  depending  on  UFC  or 
Graphite  samples  at  C/20,  when  the 
tested  materials  are  used  as  anodes. 
An  improvement  of  the  cathode 
utilisation  in  the  range  of  7-15%  is 
observed  when  the  tested  samples  are 
used  as  conductive  additives  in  the 
cathode  mix. 
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Chemical  and  electrochemical  studies  have  shown 
that  various  titanium  oxides  can  incorporate  lithium  in 
different  ratios.  Other  compounds  with  a  spinel-type 
structure  and  corresponding  to  the  spinel  oxides  LiTi204 
and  Li3Ti50i2  have  been  evaluated  in  rechargeable  lithium 
cells  with  promising  features.  One  of  the  most  attractive 
characteristics  is  the  very  constant  potential  of  the  materials 
during  the  electrochemical  charge  and  discharge. 

In  this  work  the  synthesis  and  the  electrochemical 
characteristics  of  a  mixed  lithium  spinel  Li[Lii/3Ti5/3]04 
obtained  via  a  modified  solid-state  process  are  reported. 
According  to  the  scanning  electron  microscopy  of  the 
Li3Ti50i2  synthesized  by  this  route,  the  particle  sizes  of  the 
compound  are  less  than  2\im  (fig.l).  The  micron-sized 
material  can  reversibly  inserts  0.7-1  Li  per  mole  and 
exhibits  a  capacity  of  120-150  mAhg'1  after  100  cycles. 

Lithium  transport  through  Li3Ti30i2  electrodes 
takes  place  in  the  coexistence  of  two  phases,  which  are 
mutually  interconvertible  upon  lithium  exchange.  The 
identification  of  the  insertion  mechanism  is  possible  by  the 
analysis  of  the  impedance  response  of  the  electrodes  during 
the  electrochemical  process. 


Fig.l .  SEM  micrographs  for  Li3Ti5Ot2  powder 
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The  recent  development  of  the  portable 
electronics  market  requires  high  energy  density 
batteries.  Li-ion  batteries,  which  use  carbon  as 
negative  electrode  and  lithium  metal  oxides  as 
positive  electrode,  seem  to  be  excellent  candidates  to 
make  up  for  this  need.  It  is  known  the  carbons  are 
covered  during  the  first  discharge  by  a  passivating 
layer  (SEI),  which  avoids  the  reduction  of  electrolyte. 
This  film  governs  the  electrochemical  performances 
of  this  electrode  (cycle  life,  reversible  capacity, 
selfdischarge  rate,...),  hence  the  necessity  to 
understand  its  growth  mechanism.  Since  20  years, 
numerous  groups  have  been  working  on  this  topic 
using  different  electrolytes  [1,2),  but  thickness, 
composition,  density  and  nature  are  not  yet 
unambiguously  defined.  The  main  reason  being  that 
most  of  studies  were  carried  out  under  air,  and  it  is 
well  known  that  some  compounds  of  the  SEI  are 
unstable  in  this  atmosphere. 

In  order  to  study  the  carbone/electrolyte 
interface  upon  cycling,  we  performed  electrochemical 
tests  in  Swagelok™  cells  using  different  kinds  of 
carboneous  powders  versus  Li  metal.  The  cells  were 
stopped  at  different  intercalation  rates  and  the 
interface  was  observed  by  in-situ  TEM  (1),  DSC  and 
in-situ  TF-IR.  By  in-situ  TEM,  we  succeeded  in 
visualizing  the  dual  (organic  and  inorganic)  nature  of 
the  passivating  layer  and  the  evolution  of  each  of 
them  upon  high  temperature  cycling  or  storage 
performance.  The  evolution  of  this  interface  upon 
cycling  was  confirmed  in  3-electrode  cells  by  AC- 
impedance  measurements  (2).  Finally,  attemps  to 
monitor  the  evolution  of  the  organic  part  of  the 
passivating  layer  upon  various  operating  conditions 
by  DSC  and  in-situ  TF-IR  will  be  shown.  The  results 
obtained  by  these  four  technics  when  performed  in  a 
water-free  environment  with  samples  never  exposed 
to  air  provide  very  useful  information  regarding  the 
SEI  formation  and  more  specifically  its  evolution 
with  namely  its  ratio  organic/inorganic  parts. 
Findings  turn  out  to  be  important  with  respect  to  the 
formation  cycle  in  Li-ion  cells. 


(2)  Impedance  diagram  of  carbon  SP  according  to 
intercalation  rate 


[1]  Young-Gyoon  Ryu,  Su-Il  Pyun,  J.  of 
Electroanalytical  Chemistry  433  (1997)  97 

[2]  D.  Aurbach,  B.  Markovsky,  A.  Shechter, 

Y.  Ein-Eli,  H.  Cohen,  J.  Electrochem.  Soc.  143 
(1996) 3809 


( 1 )  Carbon  SP  at  the  end  of  first  discharge  at  C/20 
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The  Sn  based  alloys  and 
intermetallic  systems  are  attractive 
materials  as  negative  electrode  in 
lithium-ion  batteries.  The  tin-lead 
foil  was  investigated  in  the 
electrochemical  system 

Li/IM  LiPF4  or  1M  LiAsF^ 
EC:DEC  or  DMC  solution/Sn-Pb 

as  anode  for  Li-ion  cell. 

A  destruction  of  the  tin-lead  foil 
was  established  during  the  first 
intercalation  of  the  Li+  into  the 
structure.  This  process  is  illustrated 
by  the  electron  microscopic 
pictures.  The  destruction  is  most 
probably  due  to  two  facts.  First  one 
is  the  changes  in  the  host  structure 
during  the  first  lithium  insertion 
which  is  established  by  X-ray 
measurements.  The  changes 
between  the  first  and  come  after 
semicycles  in  the  curve  shape  of  the 


slow  voltammetry  measurements 
also  confirm  these  changes.  The  tin- 
lead  intermetallic  compound  was 
electrochemically  cycled  in  the 
voltage  range  10  mV  -  900  mV  at 
different  current  densities.  A  large 
irreversible  capacity  was 
established  between  the  first 
intercalation  and  deinterceletion. 
This  capacity  is  most  probably  due 
to  the  forming  of  the  passive  film 
on  the  forming  particles  during 
destruction  of  the  metal  foil.  A 
reversible  capacity  of  600  mAh/g 
was  obtained  from  the  investigated 
materials  during  the  cycling  tests. 
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It  is  well  known  that  Sn  metal  was  formed  via 
reconstruction  reaction  in  tin-based  oxide  anodes  [1]. 
During  reconstruction  reaction,  they  suggested  that 
lithium  ion  reacted  with  oxygen,  which  resulted  in  Li20 
and  Sn  in  the  grains  of  pristine  tin-based  oxides.  And 
sequentially,  reversible  rcation  forming  Li-Sn  alloy 
compounds  were  proceeded  to  0  V  (vs.  Li/Li+). 

Fuji  Celltec[2]  reported  the  good  capacity 
retention  material(ATCO)  only  under  specific  voltage 
range.  Courtney  and  Dahn[3]  has  proposed  that  Sn  metal 
aggregated  to  some  dimension  above  0.8  V  during  charge 
reaction  in  Sn-based  oxide  anodes  based  on  the 
differential  capacity  plot.  As  can  be  seen  in  Fig.  1,  we 
found  the  aggregates  in  SnO  anode  by  SEM  and  analyzed 
the  composition  of  aggregates  (point  A)  and  bottom  (point 
B)  by  EDS  simultaneously.  In  aggregates,  the  amount  of 
Sn  was  larger  than  that  of  the  matrix  (bottom),  but  the 
oxygen  content  in  point  A  was  higher  than  expected 
because  of  surface  contamination  in  spite  of  use  of  glove 
bag  to  transfer  the  sample  into  the  chamber  of  instrument. 
Composition  analysis  was  performed  using  Auger 
spectroscopy  that  provided  the  ion  milling  of  surface. 
After  ion  milting,  the  ratio  of  Sn  in  aggregates  increased 
from  47  %  to  about  70  %.  And  the  main  component  in  the 
bottom  was  oxygen  that  may  be  looks  like  "Lithia” 
proposed  by  Dahn[l],  The  aggregates  were  found  in  2nd 
discharge  (lithium  uptake)  reaction,  and  the  size  of 
aggregates  grew  up  upon  cycling. 


Fig.  1.  SEM  image  of  SnO  electrode  after  10  cycles 
between  0.5  and  1.5  V. 


Potential  ( V  va.  Li/Ll*) 


As  shown  in  Fig.  2,  the  difference  between  1" 
and  2nd  cycle  of  the  differential  capacity  plot  of  Sn02  did 
not  locate  on  specific  potential  but  on  all  potential  range 
during  discharge.  If  Li20  was  formed  initially  near  0.9  V, 
the  two  curves  are  the  same  except  the  peak  shown  at  0.9 
V.  We  calculated  the  difference  of  capacity  between  1*' 
and  2nd  discharge  reaction  on  the  same  potential,  and 
converted  it  to  the  atomic  ratio  of  Li/O.  As  a  result,  the 
atomic  ratio  was  not  2  near  0.9  V,  and  when  the  reaction 
reached  to  0  V,  the  atomic  ratio  was  nearly  2(Fig.  3).  By 
Auger  analysis,  we  compared  the  atomic  ratio  of  Li/O  in 
the  sample  using  of  Li20,  which  showed  the  similar  trend 
with  Fig.  3.  From  those  results,  we  concluded  that  Li20 
formation  was  not  completed  in  the  initial  stage  of  the 
reaction  (0.9  V)  and  continued  to  0  V  during  the  first 
discharge  reaction. 
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Fig.  2.  Differential  capacity  plot  of  Sn02  electrode. 


Fig.  3.  Capacity  difference  between  1“  and  2nd  discharge 
reaction  and  the  atomic  ratio,  Li/O  in  Sn02  electrode. 
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After  the  amorphous  tin  composite  oxides 
(ATCO)  had  reported  by  Fuji  Celltecfl],  Sn-based  anodes 
have  attracted  considerable  attentions.  Although  the 
ability  of  the  capacity  retention  was  improved  with 
ATCO,  the  development  and  commercialization  are  not 
realized  yet  using  Sn-based  oxide  anodes,  because  of  the 
irreversible  capacity  in  the  first  cycle  by  reconstruction 
reaction.  And  Sn-based  alloy  compounds  have  the 
problems  of  low  first  cycle  efficiency  and  poor 
cyclability.  In  this  article,  we  investigated  the  reasons  of 
the  capacity  losses  and  the  problems  of  cycle  behavior  in 
Sn-based  anodes. 

In  tin  metal  anodes,  the  first  cycle  efficiency  is 
approximately  80  %.  And  the  poor  cyclability  is  due  to 
the  volume  change,  especially  in  low  potential  region.  As 
shown  in  Fig.  1,  even  though  the  active  materials  were 
tin-based  oxides,  the  capacity  was  decreased  abruptly 
over  the  voltage  range  between  0  and  2  V  vs.  Li/Li+.  This 
phenomenon  was  approximately  in  terms  of  the 
aggregation  of  Sn  metal  particles  in  pristine  tin-based 
oxide  materials[2].  When  we  tested  the  tin-based  oxide 
anodes  over  the  voltage  range  between  0.5  V  and  various 
upper  voltages(  1 .0,  l .  1 , 1 .2, ... ,2  V),  the  capacity  was 
converged  after  a  few  cycles.  The  difference  between  the 
first  cycle  capacity  and  the  converged  one  was  close  to 
the  amount  of  the  irreversible  capacity  of  the  first  cycle  in 
Sn  metal.  First  of  all,  upon  cycling,  the  aggregates  grew 
up  and  the  cycle  characteristics  of  tin-based  oxides 
resembled  the  tin  metal  anode.  In  addition,  the  crack  was 
observed  in  aggregates  by  SEM  in  SnO  electrode 
discharged  to  0  V. 

In  SnO  electrode,  the  capacity  decreased 
gradually  as  the  cycle  went  forward  in  spite  of  the 
selection  of  stable  voltage  window  from  0.3  to  1.0  V  in 
which  aggregation  reaction  did  not  occur  and  volume 
change  small.  To  find  the  factor  that  affecting  the 
cyclability,  we  plotted  the  differential  capacity  loss  curve 
by  comparing  the  2nd  and  30th  charge  reaction  (Fig.  2). 
The  shape  of  the  differential  capacity  loss  curve  was  very 
similar  with  differential  capacity  plot,  and  this  means  the 
loss  of  active  material  from  the  test  electrode.  From  the 
result  of  SEM  observation,  in  active  material,  there  were 
many  cracks,  so  lithia  did  not  act  as  a  “pool”  as 
mentioned  in  Ref[3],  Hence  the  small  tin  particles 
contained  in  lithia  and  some  fractured  active  materials 
were  released  from  the  electrode  during  cycling.  To 
confirm  above  result,  we  made  the  electrode  with  more 
binder(15  wt%),  and  that  exhibited  better  cycle 
behaviors(Fig.  3). 
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Fig.  1.  Cycle  characteristics  of  SnO,  Sn02  and  Sn2BPO<j. 
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Fig  2.  Differential  capacity  loss  curve  between  2nd  and 
30th  cycle  charge  reactions. 
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Fig.  3.  Comparison  of  cycleability  with  the  different 
content  of  binder. 
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Introduction 

A  number  of  carbon  materials  have  been 
investigated  to  find  the  best  performance  as  an  anode  for 
the  lithium  ion  batteries.  Non-graphitic  carbons  such  as 
semi-coke  and  glass-like  carbon  are  still  targets  to  be 
studied  to  improve  their  anodic  performance!  1,2].  Coals 
of  various  ranks  can  provide  a  series  of  cokes,  of  which 
graphitic  structure  and  properties  vary  continuously, 
reflecting  their  softening  behavior[3].  Dahn  et  al.[4]  have 
reported  the  anodic  behavior  of  non-graphitic  cokes 
derived  from  low  rank  coals.  In  this  study,  anthracite  coal, 
which  has  the  highest  rank  among  the  coals,  was 
investigated  for  anodic  performances  of  their  cokes 
calcined  at  various  temperatures.  Non-graphitic  nature 
and  high  density  are  expected  with  anthracite-derived 
carbon. 

Experimental 

Coal  was  carbonized  in  a  Pyrex  glass  tube  at 
600°C  for  1  hour  under  nitrogen  flow  at  a  heating  rate  of 
l°C/min.  The  semi-coke  thus  prepared  was  further 
calcined  at  1000-1800DC  for  1  hour  under  Ar  flow  by  a 
heating  rate  of  10°C/min.  Test  electrodes  were  fabricated 
by  mixing  active  material  with  5  wt%  PTFE  binder  in 
mortar.  The  electrolyte  used  was  1M  LiPF6  dissolved  in 
EC/DMC  (1:1  in  volume).  The  electrochemical 
performances  were  measured  by  constant  current  (25 
mA/g)  and  constant  voltage  (0  V  vs.  Li/Li+)  methods. 

Results  and  discussions 

Figure  1  illustrates  XRD  profiles  of  anthracite 
coke  calcined  at  1000  to  1800°C.  The  anthracite  as- 
received  showed  a  very  broad  peak  at  22-28°.  The  heat 
treatment  below  1200°C  further  broadened  and  shifted  the 
peak  to  high.  The  heat  treatment  above  1600°C  sharpened 
and  intensified  the  peak  very  much,  the  progress  of 
graphitization  becoming  very  significant.  Figure  2  shows 
the  discharge  voltage  profiles  of  anthracite  coal  calcined 
at  1000,  1 100,  1600,  1800°C.  Coals  calcined  at  1000  and 
1 1 00°C  exhibited  a  voltage  plateau  around  0. 1  V  during 
deinsertion  of  lithium,  which  is  commonly  observed  with 
conventional  hard  carbons.  The  discharge  capacities 
decreased  as  the  progress  of  graphitization.  The  capacity 
of  the  cokes  calcined  at  1050  and  1150°C  was  found 
inferior  to  that  at  1 100°C.  Hence,  so  far,  the  calcination  at 
1 100°C  provides  the  largest  capacity,  270  mAh/g  under 
0.5  V  and  340  mAh/g  under  1.0  V(Figure  3). 
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Figure  1.  XRD  patterns  of  carbon  materials  from 
anthracite. 


Figure  2.  Discharge  voltage  profiles  of  carbon  materials 
from  anthracite.  Heating  rate  :  10°C/min,  holding  time  : 
lh,  constant  current  (25mA/g)  +constant  potential  charge 
(0V,  40h)  and  constant  current  discharge  (25mA/g). 


Figure  3.  Discharge  voltage  profiles  of  hard  carbons  from 
anthracite  calcined  from  1050  to  1150°C.  Heating  rate  : 
10°C/min,  holding  time  :  lh,  constant  current  (25mA/g) 
-(-constant  potential  charge  (0V,  40h)  and  constant  current 
discharge  (25mA/g). 
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Base  for  competitive  lithium  chemical  current 
source’s  (LCSC)  issues  by  our  Plant  is  the  presence  of 
own  metal  lithium  and  Li-Al  alloys  production  and  the 
development  of  effective  electrode  materials  technology, 
mastering  of  complex  assembly  technologies  and  their 
patenting.  The  complex  of  these  actions  is  carried  out 
within  the  framework  of  the  Interbranch  Complex 
Scientific  and  Technical  Program  "Conversion".  As  a 
result  of  the  spent  developments  the  conventional 
technologies  are  mastered  and  created  the  perspective  new 
classes  of  highly  effective  energyholders  for  LCSC  based 
on  various  electrochemical  systems.  There  is  adjusted  a 
necessary  electrode  materials  for  creation  of  modem 
production,  and  since  1992  the  mass  release  of  market 
production  is  begun.  During  the  last  decade  the  main 
attention  was  given  to  the  coin  LCSC  release  on  the  basis 
of  the  inexpensive  electrochemical  system  "Li-MnCV  in 
the  field  of  production  development  and  adaptation  to 
internal  Russian  market. 

The  research  and  development  activity  (RD)  in 
last  ten  year  was  devoted  to  the  creation  of  novel 
generation  of  highly  effective  electrode  materials  and  it’s 
technologies.  Taking  into  account  the  perspectives  of 
porous  carbon-containing  material  application  in  LSCS 
our  efforts  per  90  years  the  RD-complex  was  spent  on  the 
search  and  trials  of  effective  electrode’s  composites  for  the 
primary  and  secondary  cells  with  an  achievable  power 
density  in  a  range  of  1200-1500  Whr/kgs. 

As  a  result  of  share  actions  the  new  families  of 
carbon  and  fluorocarbon-containing  Russian  materials 
have  been  created  including  a  novel  superstoichiometric 
fluorocarbon  material  -FCM  CF1.1g_1.33  and  a  new  carbon 
"chemical  container"  for  reversible  lithium  intercalation. 
The  latter  material  was  developed  by  the  way  of  graphite 
fluoroxide  (FOG)  study  and  creation,  where  FOF  is  a 
precursor  for  new  carbon  anodes  design  in  the  lithium  ion 
rechargeable  sources.  Now  this  carbon  material  named  as 
a  thermal  expanded  graphite  is  patented  and  it  has  a 
specific  surface  -200  m2/g. 

At  a  results  of  research  the  processes  proceeding 
in  the  electrochemical  system  "CFi+x  -  Li"  (6=0.18-0.33), 
the  interrelations  between  macro-  (microstructure)  and 
properties  of  FCM  in  lithium  LCSC  are  established  and 
the  novel  generation  of  the  high-energy  FCM  cathodic 
composites  with  specific  capacity  up  to  620  Ahr/kgs  (1500 
Whr/kgs)  ensuring  possibility  of  continuous  cathodes  load 
at  current  densities  of  bit  up  to  1 .5  mA/cm2  is  developed 
Their  advantages  are  demonstrated  by  tables  1  and  2,  in 
which  the  discharge  data  of  new  FCM  cathodes  in  lithium 


various  typesize  cells  are  adduced.  The  high  electrical 
characteristics  achieved  in  pilot  series  BR2325,  CBR2325, 
BR6P  and  BR6C,  are  supplied  with  use  FCM  of  a  brand 
FS,  and  also  new  porous-forming  additive  -  FOG.  Thus  in 
all  cases  a  standard  1M  LiCI04  in  the  PC+DME  was  used. 

There  are  developed  a  technical  specifications  for 
FCMs  of  brands  FS  and  FT  -  TU  349735-0003-0353944- 
97,  the  hygienic  certificates  are  authorized  and  the  full 
complex  of  a  control  techniques  for  all  required  physical- 
chemical  parameters  is  created.  Thus  the  properties  of 
FCMs  of  a  type  FS  and  FT  on  all  parameters  set 
appreciably  exceed  known  for  FCM,  released  by  Japanese 
and  American  corporations  (Daykin  Industry  -  Japan, 
Allied  Signal  -  USA).  There  are  developed  and  authorized 
the  technical  specifications  on  the  fluorocarbon  cathodic 
composite  (FUKM)  TT  349735-0005-0353944-99  and 
consumer  specification  to  market  coin  cell  BR2325. 

Table  1 . 

Results  of  discharge  tests  of  3  Volt  cathodic  materials 
in  cylindrical  lithium  cells  R6  and  related  types 


Type 

size 

O.C.V., 

Volts 

Load 

cur¬ 

rent, 

mA 

Ave¬ 

rage 

vol¬ 

tage. 

Volts 

Typical 

elect¬ 

rical 

capa¬ 

city, 

mAhour 

Catho¬ 

de 

effici¬ 

ency, 

%% 

CR6C 

3.25-3.38 

BEES1 

F3CE1 

KE5E3 

98 

CR6P 

3.25-3.38 

BMW  11 

mmm 

3.25-3.38 

3.25-3.38 

1.1-1.25 

1/2CR6C 

3.25-3.38 

HU 

BR6C 

3.03-3.25 

HE1 

HE 1 

Table  2. 

Results  of  the  discharge  tests  of  3  Volt  cathodic 
materials  in  coin  lithium  cells 


Type 

size 

No¬ 

mi¬ 

nal 

cur¬ 

rent, 

lA 

Ma¬ 

xi¬ 

mal 

cur¬ 

rent, 

lA 

Avera¬ 
ge  vol¬ 
tage  in 
dischar¬ 
ge 
Volts 

Typical 

electrical 

capacity, 

mAhours 

Year  of 
R&D  or 
indust-rial 
issue 

CR2325 

E8TH 

140-160 

1988 

BR2325 

111 

200-220 

1993*) 

CBR2325 

EH 

n 

1996 

CR2032 

■IBM 

EM 

160-170 

1996 

BR2032 

eh 

mumm 

1998*) 

CR2025 

EH 

EM 

1996 

BR2025 

ill 

150-160 

1998*) 

CR2016 

EH 

gKl 

65 

1995*) 

BR2016 

95 

1995*) 

CR1616 

0.1 

gn 

40 

1995*) 

BR1616 

g H 

0.5 

2.S-2.7 

46 

1995*) 

Note:  *)  -  Experimental  series 
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Recently,  tin  has  been  proposed  as  a  good 

candidate  to  replace  graphite  as  a  negative  electrode  for 
lithium  ion  cells  [1].  The  main  advantage  of  tin  compared 
to  standard  graphite  is  its  high  mass  and  volume 

capacities,  respectively  994  mAh/g  and  7254mAh/cm3. 
Not  only  tin  is  able  to  form  alloys  with  lithium.  Bi,  Si  or 

A1  for  example  can  also  react  with  lithium  to  form 

intermetallic  compounds  [2],  A  first  sight  to  the  Al-Li 
binary  diagram  indicates  that  the  aluminum-lithium 
richest  alloy  is  Al4Li9.  Therefore,  the  maximum 
theoretical  lithium  uptake  for  an  aluminum  electrode  will 
be  2.25  Li  for  each  A1  atom.  This  value  is  below  the  4.4 
Li  for  each  Sn  atom  observed  in  the  Li22Sn5  alloy. 
However,  due  to  its  low  atomic  weight  compared  to  tin, 
aluminum  can  present  a  mass  capacity  of  2234mAh/g  if 
the  Al4Li9  alloy  is  reached,  which  is  more  than  twice  the 
theoretical  capacity  of  metallic  tin. 

The  use  of  an  aluminum  electrode  in  a  lithium 
ion  cell  has  been  investigated  in  this  study.  In  order  to 
avoid  the  contribution  of  binder  or  conductive  additive  in 
the  electrochemical  tests,  we  have  focused  our  interest  on 
aluminum  thin  films.  Layers  ranging  front  0.1pm  to  1pm 
have  been  deposited  by  thermal  evaporation  of  aluminum 
granules  on  copper  substrates.  All  the  samples  are  well 
crystallized  according  to  the  X-ray  diffraction  patterns. 
XPS  analysis  systematically  indicate  the  presence  of  an 
oxidized  layer  on  the  surface  of  the  films. 

For  the  electrochemical  tests,  both  potentiostatic 
and  galvanostatic,  the  films  have  been  used  “as- 
deposited”,  i.e.  without  the  use  of  any  binder  neither 
conductive  additive.  All  the  samples  have  been  cycled 
versus  a  metallic  lithium  electrode  in  LiPF6  in  EC:DMC 
electrolyte  between  1.2V  and  lOmV  versus  lithium.  The 
cycling  rate  was  10mV/2min  for  the  cyclic  voltametry 
experiments  and  C/4  rate  for  the  galvanostatic 
experiments. 

The  electrochemical  activity  of  aluminum  is 
clearly  evidenced  on  the  cyclic  voltamogram  (figure  1) 
where  sharp  peaks  are  observed  both  during  the  charge 
and  the  discharge.  On  figure  2,  it  can  be  seen  that  the 
charge  mainly  consists  in  three  regions  :  the  initial  lithium 
“insertion”  between  2V  and  0.26V,  followed  by  a  wide 
plateau  0.26V,  and  a  final  “insertion”  occurring  between 
0.26  and  0.01  V.  The  lithium  uptake  on  the  first  voltage 
region  is  related  to  the  presence  of  an  oxidized  layer  of  on 
the  top  of  the  aluminum  thin  films.  The  two  last  regions 
(between  0.26V  and  0.01V)  are  probably  due  to  the 
formation  of  Li-Al  alloys. 

The  charge  and  discharge  capacities  are 
summarized  in  table  1.  The  capacities  are  high  but  never 
reach  the  value  expected  for  the  formation  of  the  Al4Li9 
alloy.  The  observations  by  scanning  electron  microscopy 
reveal  microcracks  in  all  the  samples  after  one  complete 


cycle.  However  the  surface  of  the  thinnest  sample  seems 
less  damaged  than  the  0.3pm  and  1pm  layers. 
Subsequently,  it  is  not  surprising  that  the  highest  capacity 
is  measured  for  the  0.1pm  sample.  Furthermore,  this 
sample  presents  the  best  discharge  to  charge  ratio  (table  1) 
and  exhibits  the  lowest  capacity  fade  upon  cycling. 

It  is  difficult  to  exactly  assume  which  alloy 
forms  during  the  charge  since  the  (111)  aluminum  peak 
on  the  XRD  patterns  of  the  as-deposited  samples  is  no 
longer  observed  in  the  fully  charged  state.  This  suggests 
that  the  structure  of  aluminum  is  destroyed  when  lithium 
is  inserted  in  the  thin  films  electrodes,  leading  to  an 
amorphous  compound. 

Even  if  the  reaction  mechanisms  of  lithium 
“insertion”  in  the  aluminum  thin  film  electrodes  are  still 
unclear,  this  study  highlights  the  promising  performances 
of  this  material  as  a  negative  electrode  in  lithium  ion  cells. 


potential.  V  va  U 


Figure  1  :  typical  cyclic  voltamogram  of  an  aluminum 
thin  film  (0.3pm) 


Figure  2  :  typical  galvanostatic  plot  of  an  aluminum  thin 
film  (0.3pm,  C/4  rate). 


Thickness 

Qch»rge 

(mAh/g) 

Qdischarge 

(mAh/g) 

Qdiichwge/ 

Qcharge 

0.1pm 

1390 

800 

58% 

0.3pm 

1090 

610 

56% 

1pm 

960 

420 

44% 

Table  1  :  first  charge  and  discharge  capacities  of 
aluminum  thin  films 


[1]  see  for  example  J.  Yang,  M.  Winter  and  J.O. 
Besenhard,  Solid  State  Ionics  90,  281  (1996). 

[2]  see  for  example  S.  Bourderau,  T.  Brousse  and  D.M. 
Schleich,  Journal  of  Power  81-82,  233  (1999). 
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Different  metals  and  alloys  have  been  recently 
investigated  as  possible  anodes  for  lithium  ion  batteries 

[1],  The  main  advantage  of  these  compounds  is  the  huge 
mass  and/or  volume  capacity  compared  to  standard 
carbonaceous  anodes.  However,  their  main  drawback  is 
the  impressive  volume  changes  of  the  compounds  upon 
cycling,  which  leads  to  the  mechanical  disintegration  of 
the  electrodes  [2],  and  subsequently  to  a  drastic  capacity 
fade.  In  order  to  improve  this  cycling  ability  of  metals  and 
alloys,  several  studies  have  aimed  at  the  improvement  of 
both  the  microstructure  of  the  materials  and  the  matrix 
designed  with  a  binder  and  a  conductive  additive. 

Bismuth  has  been  chosen  as  a  “model”  metal  to 
investigate  the  influence  of  particle  size  on  the 
electrochemical  performances  of  the  bismuth  electrodes. 
The  second  part  of  the  study  deals  with  the  optimization 
of  matrix  composition,  i.e.  the  influence  of  the  respective 
percentages  of  active  material,  binder  and  conductive 
additive  on  the  cycling  properties  of  the  electrode. 

Electrodes  films  have  been  prepared  by  using  a 
slurry  technique  involving  a  mixture  of  bismuth  powder  : 
carbon  black  :  PVDF  in  a  85:10:5  weight  ratio  in 
n-metyI-2-pyrrolidinone.  This  slurry  was  coated  on  Cu 
foil.  The  bismuth  powder  was  either  commercially 
available  material  sieved  down  to  40(im  and  submicronic 
powder  prepared  by  arc  plasma  processing.  In  this  last 
technique,  a  bismuth  ingot  was  set  in  a  DC  arc  discharge 
under  argon  atmosphere  at  reduced  pressure  (2.7  10'7  Pa) 
[3].  The  ingot  was  set  down  in  a  conical  graphite  crucible 
at  the  anode.  The  material  was  vaporized  and  carried  out 
by  a  gas  flow.  Finally,  it  was  trapped  on  a  membrane 
filter.  The  bismuth  powder  was  collected  and  stored  in  a 
glove  box  under  high  purity  argon  atmosphere. 

Figure  1  shows  the  typical  cyclic  voltammogram 
of  a  bismuth  electrode  made  with  the  ultrafine  powder. 
The  interesting  point  is  the  relatively  “high”  potential  of 
Li-Bi  alloys  formation  (0.8V  to  0.6V)  which  prevents  the 
carbon  black  from  being  electrochemically  active  versus 
lithium  in  this  potential  window. 

The  galvanostatic  tests  were  performed  between 
1,2V  and  0,5V  (figure  2).  Based  upon  the  total  amount  of 
electrode  material  and  the  measured  capacity,  the 
calculation  of  lithium  “inserted”  during  the  charge  process 
reveal  that  for  the  ultrafme  powder,  the  alloy  formed  has 
the  composition  Li3Bi.  However,  when  the  material  with 
particle  size  in  the  range  of  40pm  is  dispersed  in  the  same 
matrix  as  for  the  ultrafine  powder,  the  calculation 
indicates  that  only  a  small  percentage  of  bismuth  has 
reacted  with  lithium  to  form  the  alloys.  Observations  by 
scanning  electron  microscopy  show  in  both  cases 


(ultrafme  and  40pm  powders)  microcracks  all  over  the 
electrodes. 

The  poor  electrochemical  performances  of  the 
large  bismuth  particles  upon  cycling  led  us  to  focus  the 
study  of  the  matrix  influence  with  the  ultrafme  powder.  In 
this  case,  the  amount  of  bismuth  in  the  electrode  was 
varied  from  85%  to  6%.  The  cycling  performances  are 
greatly  enhanced  when  the  amount  of  active  material  is 
decreased. 


Current  (mA) 


Figure  1  :  typical  slow  scan  voltamogram  of  a  bismuth  electrode 


xU 


Figure  2  :  galvanostatic  cycle  of  the  same  bismuth  electrode 
(first  discharge  in  7  hours) 


[1]  see  for  example  O.  Mao,  R.A.  Dunlap  and  J.R.  Dahn, 
J.  Electrochem.Soc.  146,  405  (1999) 

[2]  see  for  example  J.  Yang,  M.  Winter  and  J.O. 
Besenhard,  Solid  State  Ionics  90, 281  (1996). 

[3]  see  for  example  F.Brochin,  X.Devaux,  J.Ghanbaja  and 
H.Scherrer,  Nanostruct.  Mater.,  11,  1  (1999) 
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•  •  Lithium-ion  batteries  based  on  a  carbon/graphite 
anode  and  a  transition  metal  oxide  cathode  have  been 
commercially  used  in  popular  portable  devices  such  as 
cellular  phones  and  notebook  PCs  for  about  ten  years. 
One  of  the  next  interesting  and  challenge  steps  is  to 
develop  increased  capacity  electrode  materials  for  such 
type  batteries  in  order  to  increase  the  energy  density, 
including  cathode  and  anode.  The  conventional  anode 
material,  graphite  has  a  theoretical  maximum  capacity  of 
372  mAh/g,  or  a  volumetric  capacity  of  840  Ah/L.  Some 
low  temperature  heat-treated  soft  and  hard  carbons  show 
capacity  as  large  as  700  mAh/g,  however,  the  volumetric 
capacity  is  still  limited.  Metals  and  alloys  can  be  used  as 
anode  for  lithium  batteries,  and  have  almost  double 
volumetric  capacity  of  these  carbons,  e.g.,  Sn  yields  a 
maximum  theoretical  capacity  of  990  mAh/g  or  7200 
Ah/L.  One  major  problem  preventing  them  from  practical 
use  in  Li-ion  batteries  is  that  alloy  anodes  undergo  a 
significant  volume  change  during  cycling,  which  cause 
rapid  cracking  and  crumbling  of  the  metallic  host  and 
subsequent  decline  of  battery  performance.  Approach  for 
overcoming  these  problems  is  to  introduce  a  matrix-glue 
to  hold  the  particle  together.  One  of  the  successful 
examples  is  the  intermetallic  compound  SnxFe  and  Cu^S^ 
(SnM).  These  intermetallic  alloys  show  improved 
reversible  cycling  behavior  compared  to  pure  Sn. 
However,  for  these  intermetallic  alloys,  a  displacement 
reaction  occurs  in  which  the  intermetallic  structure  is 
broken  down  to  form  LixSn  alloy  and  inactive  metal  Me 
when  cycled  with  deep  charge/discharge  depth,  and 
agglomeration  of  the  inactive  phase  (M’)  into  larger 
grains  is  responsible  for  the  capacity  decline  upon 
cycling.  These  exciting  works  give  an  important 
information:  Cycling  behavior  of  the  alloy  is  most  likely 
dependent  on  the  nature  of  introduced  inactive  metal 
(M’>. 

With  this  in  mind,  we  prepared  Sn-V  alloys  by 
mechanically  milling  because  metal  vanadium  has  high 


ductility  and  V-based  hydrogen  storage  alloy  has  less 
decrepitation  property.  Our  initial  data  provide  exciting 
results  that  Sn-V  alloys  show  excellent  cycle  behavior. 
Fig.  1  shows  the  first  several  cycles’  charge/discharge 
curves  of  Li/Sn-V  alloy  compared  to  pure  Sn.  Fig.  2 
gives  rechargeable  capacity  vs.  cycle  number.  Sn-V  alloy 
delivers  a  rechargeable  capacity  of  ca  450  mAh/g  over  20 
cycles  when  cycled  between  0  and  0.8  V. 

References: 

1.  O.  Mao  et  al.,  J.  Electrochem.  Soc.,  145,  4195  (1998). 

2.  K.  D.  Kepler  et  al.,  Electrochemical  and  Solid-State 
Letter,  2,  307  (1999). 


Fig.  1  Charge/discharge  curves  of  Li/Sn  alloy  cell 


(A)  TAB,  (B)  Sn,  and  (c)  Sn-V 


•  •  •  Fig.  2  Cycling  behavior  of  Li/Sn-V  alloy  cell 
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Introduction 

It  is  well  known  that  PC  based  electrolyte  is  easily 
decomposed  electrochemically  on  the  graphite  and  the 
intercalation  efficiency  of  lithium  is  very  low.  However, 
the  doping  of  lithium  without  decomposing  the  electrolyte 
becomes  possible  by  adding  additives  to  the  PC  solvent.1 
Recently,  it  was  reported  that  the  decomposition  of 
electrolyte  was  suppressed  by  adding  ethylene  sulfite 
(ES)  2  It  is  very  important  to  clarify  the  behavior  of  solid 
electrolyte  interface  (SEI)  formation  on  the  graphite  and 
the  role  of  additives.  We  examined  the  structure*  of*  the 
SEI  formed  on  the  graphite  by  TPD-GC/MS 
(Temperature  Programmed  Decomposition  or  Desorption 
-  Gas  Chromatography  /  Mass  Spectrometry)  in  the  case 
that  ES  was  added  to  the  PC  solvent.*  In  addition,  XPS, 
FT-IR,  SEM  were  used  in  order  to  analyze  the  SEI  in 
detail,  and  the  SEI  was  determined  quantitatively  by  the 
chemical  analysis. 

Experimental 

Synthetic  graphite  (KS44)  provided  by  Timcal  G&T 
was  used  as  a  carbon  electrode  and  lithium  metal  foil  was 
used  as  the  counter  electrode.  The  electrolyte  of  I0wt% 
ES  in  PC  including  1M  LiPF6  was  used.  The  experiment 
was  carried  out  using  two-electrode  cell.  The  cell  was 
discharged  to  1 .5V,  1 ,0V,  0.6V  and  0V  vs.  Li/Li+  in  the 
constant  current.  Currents  were  8*  A/cm2  and  160*  A/cm 

The  organic  components  of  SEI  is  generally  decom¬ 
posed  below  200*  .  The  analysis  of  the  SEI  structure  was 
carried  out  by  analyzing  this  thermal  decomposition  gas 
by  GC/MS  (TPD-GC/MS).  The  carbon  electrode  was 
heated  under  helium  gas  at  rate  of  10*  /min,  and  the 
evolved  gas  up  to  200*  was  collected  in  a  trap  cooled  by 
liquid  nitrogen.  The  collected  decomposition  gas  was 
introduced  into  the  GC/MS  analysis  unit  by  heating  up  the 
trap.  Li+,  C03  2\  S042'  and  F  ion  in  the  SEI  were 
determined  quantitatively  using  ion  chromatography  by 
dissolving  the  SEI  into  water.  XPS,  FT-IR,  SEM 
measurements  were  also  carried  out.  All  analysis  except 
for  the  chemical  analysis  were  done  by  transporting  the 
samples  to  the  analysis  chamber  using  a  inactive  transfer 
vessel. 

Results  and  Discussion 

In  the  electrolyte  of  PC  solvent,  the  continuing  plateau 
in  potential  curve  was  observed  around  0.9V  due  to  the 
successive  decomposition  of  PC.  However  the  inter¬ 
calation  of  lithium  can  be  achieved  by  adding  ES  to  the 
electrolyte.  At  the  discharging  rate  of  160*  A/cm2,  the 
first  cycle  intercalation  efficiency  of  lithium  was  88%. 
However,  at  the  low  discharging  rate  of  8*  A/cmz  the 
irreversible  capacity  increased,  since  the  plateau  appeared 
in  high  potential  region.  As  for  the  thermal  decom¬ 


position  of  the  SEI  formed  at  low  current  density, 
propylene  glycol  (PG),  C02  and  S02  were  detected  as 
shown  in  Figure  L*  These  gases  are  formed  by  decom¬ 
posing  lithium  alkyl  carbonate  (ROCOOLi)  or  lithium 
alkyl  sulfite  (ROSOOLi),  where=  CH3  CHCH2  . 
However,  at  the  high  current  density  of  160*  A/cm2  , 
these  gases  evolution  from  the  SEI  were  not  very  much 
detected  from  1.5  to  0.6  V  region  and  PG,  C02  were 
detected  mainly  in  the  potential  region  of  0.6V  or  lower. 
Concerning  the  chemical  analysis,  at  the  low  current 
density,  C032'  and  S042'ion  were  detected  mainly  in  high 
potential  region.  On  the  other  hand,  at  high  current 
density,  S042‘  ion  was  detected  mainly  in  high  potential 
region  and  C032'  ion  was  seldom  detected  at  0.6V.  It  was 
proven  that  this  S042'  ion  component  came  from  Li2S03 
by  XPS  and  FT-IR.  The  SEI  including  sulfur  constituent 
was  formed  in  high  potential  region  prior  to  reductive 
decomposition  of  PC.  The  decomposition  of  the  additives 
plays  the  main  role  in  the  effective  SEI  formation  for 
intercalation. 

In  case  of  the  high  current  density,  the  inorganic  SEI 
component  was  formed  first.  Then  the  organic  SEI  was 
formed  in  the  region  where  the  intercalation  of  lithium 
occurs.  In  case  of  the  low  current  density,  the  SEI  was 
composed  of  not  inorganic  component  but  organic 
component  from  the  initial  stage.  From  these  results,  it 
was  confirmed  that  the  SEI  structure  greatly  differed  by 
the  current  density. 
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Fig.l  •TPD-GC/MS  pattern  at  various  potential  and 
current  density  in  lMLiPF6/PC+ES10%  electrolyte.  •  @ 
The  values  in  the  square  are  the  component  ratio  of  C032' 
and  S042’  in  the  SEI  estimated  from  the  chemical  analysis. 
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Non-graphitizable  carbons  that  deliver  a  higher 
capacity  than  graphites  have  been  studied  for  the 
application  to  Li  secondary  batteries.  In  this  work,  the  Li+ 
storage/de- storage  mechanisms  involved  in  the  non- 
graphitizable  carbons  were  examined  using  7Li-NMR 
spectroscopy. 

The  non-graphitizable  carbons  were  prepared 
from  the  methylnaphthalene-derived  isotropic  pitches 
(MNIP)  by  a  heat-treatment  at  1000°C  in  Ar  atmosphere. 
For  the  7Li-NMR  study,  both  the  1-D  static  and  dynamic 
MAS  spectra  (spin  rate  =  4-9  kHz)  were  obtained  using 
Bruker  DSX400  (resonance  frequency  =  155.6  MHz). 

The  anodic  performances  of  MNIP-derived 
carbons  have  been  analyzed  using  electrochemical 
techniques.1,2  It  was  found  that  the  carbons  have  at  least 
three  different  Li+  storage  sites,  from  which  Li+  ions  are 
de-stored  at  different  potential  regions;  from  site  I  at  0.0- 
0.12  V  (vs.  Li/Li+),  from  site  II  at  0.12-0.8  V,  and  from 
site  III  at  >  0.8  V.  During  the  charging  reaction,  Li+  ions 
are  stored  at  site  II  first,  then  sites  /  and  III  in  order.  But 
Li+  de-storage  takes  place  from  site  I  first,  then  sites  II 
and  III 

Three  different  resonance  absorptions  are  distinguished  in 
the  spectra  shown  in  Fig.  1,  supporting  the  presence  of 
three  different  Li+  storage  sites  in  these  carbons.  The 
resonance  peaks  appearing  at  85,  14  and  8  ppm  can  be 
related  to  the  Li  species  stored  at  sites  /,  II,  and  HI, 
respectively.  When  the  evolution  of  resonance  peaks  upon 
Li+  storage/de-storage  is  examined,  the  sequential  order  of 
Li+  storage/de-storage  is  well  matched  with  that  proposed 
by  the  electrochemical  characterization. 

The  fully  stored  sample  (the  fifth  spectrum  in 
Fig.  1)  gives  rise  to  an  abnormally  high  absorption  at  85 
ppm  but  low  absorption  at  14  ppm.  When  the  sample  is 
steadily  cooled  down  to  140  K,  the  peak  at  14  ppm  grows 
at  the  expense  of  the  peak  at  85  ppm  (Fig.  2).  A  certain 
interaction  between  the  Li  species  stored  at  sites  I  and  II  is 
thus  expected.  It  is,  however,  likely  that  the  interaction 
prevails  only  in  the  fully  stored  state  because  the  peak 
intensity  variation  is  not  significant  in  the  partly  stored 
sample. 
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Chemical  shift,  6  vs.  LiCI  /ppm 

Figure  1. 7Li-NMR  spectra  according  to  the  degree  of  Li+ 
storage/de-storage.  Three  resonance  absorptions  are 
distinguished  in  the  spectra,  indicative  of  three  different 
Li+  storage  sites  in  these  carbons. 


Chemical  Shift,  8  ys.  LiCI  /ppm 


Figure  2.  Variable-temperature  7Li-NMR  spectra  recorded 
with  the  fully  (a)  and  partly  stored  sample  (b). 
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Some  intermetallic  compounds,  such  as  Mg2Ge, 
appear  to  be  promising  anode  materials  for  lithium 
secondary  batteries,  because  the  latent  capacities  of  the 
electrodes  consisting  of  the  compounds  are  much  larger 
than  those  of  carbon  materials,  especially  volumetric 
energy  densities  are  excellent  (1-3).  In  comparison  with 
LiAl,  this  type  of  compounds  has  a  characteristic  that  the 
damages  during  charge-discharge  cycling  would  be 
avoided,  because  lithium  atoms  could  accommodate  at  not 
lattice  site  but  interstitial  sites  of  the  lattices.  In  the 
present  study,  we  focused  on  Sn  on  behalf  of  Ge  in 
Mg2Ge,  and  synthesized  a  new  anode  material,  Mg2Sn, 
using  mechanical  alloying.  The  electrochemical 
performance  of  electrode  consisting  of  the  compound  was 
investigated. 

EXPERIMENTAL 

Experimental  conditions  of  mechanical  alloying 
to  prepare  Mg2Sn  are  as  follows.  A  mixture  of  elemental 
Mg  powder  (particle  size  ca .  50  pm)  and  Sn  (chip  size  ca. 

1  mm)  chip  put  in  a  stainless  steel  vessel  (80  ml)  together 
with  five  balls  (0  15).  The  weight  ratio  of  the  balls  to 
sample  was  about  15:1.  The  milting  with  the  prescribed 
time  interval  was  done  using  a  high-energy  planetary  ball 
mill  at  300  r.p.m.  and  at  room  temperature. 

X-ray  diffraction  was  done  on  the  MA  samples 
to  identify  phases  and  structures 

Electrochemical  performance  of  an  electrode  was 
estimated  with  a  three-electrode  cell.  The  electrode 
consisted  of  Mg2Sn,  acetylene  black,  and  PVDF  in 
75:20:5  in  wt  %  on  a  Cu  mesh  (lxl  cm2).  In  the  test  cell, 
both  counter  and  reference  electrodes  were  2  mm  thick 
lithium  metal  sheets.  1  M  LiC104  dissolved  in  propylene 
carbonate  was  used  as  an  electrolyte.  The  cell 
performance  was  evaluated  galvanostatically  at  current 
densities  of  0. 1  mA  cm'2  for  both  charge  and  discharge  at 

RESULTS  AND  DISCUSSION 

Figure  1  shows  XRD  patterns  of  the 
mechanically  alloyed  products  using  elemental  Mg  and  Sn 
as  starting  materials.  The  cubic  Mg2Sn  phase  was 
obtained  by  MA  for  only  3  hours  which  were  much 
shorter  than  the  case  of  Mg2Ge  previously  reported  (1-3). 
Interestingly,  when  the  MA  treatment  proceeded  for  a 
longer  time,  the  diffraction  peaks  of  the  orthorhombic 
Mg2Sn  phase  appeared  in  the  XRD  pattern.  Furthermore, 
the  cubic  phase  disappeared,  and  single  orthorhombic 
phase  was  obtained  after  7.5  h  MA  treatment.  It  is 
noteworthy  that  such  a  phase  transformation  was  never 
seen  for  Mg2Ge  and  Mg2Si  (3). 

Figure  2  gives  the  result  of  cycle  life  on  the 
cubic,  orthorhombic,  and  mixed  phasic  Mg2Sn  electrodes. 
The  mixed  phasic  electrode  showed  the  longest  cycle  life 
among  the  electrodes  obtained.  There  is  a  big  difference 
between  the  mixed  phasic  and  cubic  Mg2Sn  electrodes.  At 
least,  the  cubic  phase  give  obviously  no  contribution  to 
the  discharge  capacity  of  the  mixed  phasic  electrode.  On 
the  other  hand,  the  orthorhombic  Mg2Sn  electrode 
exhibited  the  similar  result  as  the  mixed  phasic  one, 
though  the  electrode  showed  a  little  bit  lower  performance 
than  the  mixed  phasic  Mg2Sn  one.  Good  performances  of 
the  mixed  phasic  electrode  would  be  due  to  the 


cooperative  effect  of  cubic  and  orthorhombic  phases.  The 
orthorhombic  phase  may  contribute  to  large  capacity, 
while  the  cubic  phase  may  assist  the  relaxation  of  internal 
stress  generated  at  lithium  insertion. 

REFERENCES 

1.  H.  Sakaguchi,  H.  Honda,  and  T.  Esaka,  Denki  Kagaku, 
66,  1291  (1998). 

2.  H.  Sakaguchi,  H.  Honda,  and  T.  Esaka,  J.  Power 
Sources,  81-82, 229  (1999). 

3.  H.  Sakaguchi,  H.  Honda,  H.  Maeta,  and  T.  Esaka,  The 
Japan  Institute  of  Metals  Proceedings  (JIMIC-3),  12,  1305 
(1999). 


Figure  1  Changes  in  XRD  patterns  of  Mg2Sn  with 
mechanical  alloying  (MA)  time. 


Figure  2  Dependence  of  discharge  capacity  on  charge- 
discharge  cycling  for  the  Mg2Sn  electrodes  with  cubic, 
orthorhombic,  and  mixed  phasic  structures. 
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Introduction 

Graphitized  carbon  is  one  of  the  most  promising 
anodic  material  for  the  anode  of  Li-ion  secondary 
battery.  But  recent  modernized  electronic  appliances 
require  further  improvement  of  the  charge/discharge 
characteristics  for  heavy  duty  use.  For  the  purpose  of 
improving  the  charge/discharge  characteristics  we 
have  focused  our  attention  on  the  modification  of 
carbon  surface  and  found  mild  oxidation  as  well  as 
metal  film  deposition  on  the  carbon  surface  is 
important  key  factors*1,21.  In  this  paper,  we  will  make 
clear  the  importance  of  the  decorated  surface  as  well 
as  the  homogeneous  distribution  of  conductibility  on 
the  surface. 

Experimental 

As  the  test  material,  mesophase  carbon  fiber  felt 
(Melblon  3100,  Petoca,  Ltd.  made,  7pm  )  prepared  at 
3100  jC  was  used.  Ag  (99.99%)  was  deposited  on  the 
fiber  surface  by  vacuum  evaporation.  After  the 
deposition,  the  felt  sample  was  heated  at  Tammann 
temperature  (TT=0.33Tm  where  Tm  is  the  melting 
point  of  metal)  if  necessary.  Test  electrode  was 
prepared  by  cutting  the  felt  sample  into  a  piece  of  1 
mm  thick  and  1  X  1  cm  square  and  sandwiched 
between  expanded  Ni  sheets,  whose  rims  were  then 
spot-welded  at  several  points.  A  cylindrical  Pyrex 
glass  cell  with  a  three-electrode  system  was  used  for 
the  measurement  of  linear  sweep  cyclic 
voltammogram  (CV).  Pure  metallic  lithium  foils  were 
used  as  reference  and  counter  electrodes,  respectively. 
Mixed  solvent  of  EC  and  DMC  (1:1  by  volume) 
containing  1M  LiC104  was  used  as  an  electrolyte.  All 
the  procedures  were  performed  in  a  dry  box  in  an 
argon  atmosphere  at  room  temperature. 

Results  and  Discussion 

The  rate  of  Li  deintercalation  reaction  from  the 
carbon  fiber  is  considered  to  be  influenced  not  only  by 
the  surface  condition  but  the  process  in  the  internal 
structure.  If  the  carbon  surface  is  contaminated  by 
some  foreign  entities,  the  reaction  site  is  considered  to 
be  passivated  to  provide  only  a  slow  reaction  even 
though  the  mass  transfer  of  Li  is  fast  enough  in  the 
interior.  In  contrast,  if  the  surface  is  kept  active  by 
cleaning  or  some  modification,  the  overall  rate  is 


expected  to  be  controlled  by  the  carbon  interior 

condition,  where  phase  change  due  to  the  stage  change 
and  diffusion  of  Li  are  the  two  major  factors,  and  the 
shape  of  the  deintercalation  peak  on  CV  is  expected  to 
be  modified  depending  on  both  the  rates  of  those 
mechanisms  and  the  potential  scan  rate.  When  the 
scan  rate  is  slow  enough,  several  well  separated 

current  peaks  could  be  observed,  which  correspond 
well  to  each  stage  change,  while  these  peaks  tend  to 
merge  when  the  scan  rate  is  moderately  fast. 

If  the  conductivity  is  not  uniform  throughout  the 
electrode,  the  SEI  formed  during  the  first  charge  is 
supposed  to  be  not  uniform  (  in  chemistry  and 

structure),  causing  a  deterioration  during  the 
charge/discharge  cycle,  resulting  in  a  poor  cycle  life. 

When  a  few  hundreds  angstrom  thick  silver  film 
was  deposited,  the  peak  height  was  enhanced 

remarkably  as  compared  with  that  of  pristine  sample, 
indicating  that  the  deintercalation  reaction  site  on  the 
silver  surface  which  is  in  contact  with  the  electrolyte  is 
sufficiently  active  as  compared  with  that  on  the 
pristine  carbon.  The  cycleability  was  also  improved 
remarkably.  Deposition  of  silver  is  expected  to 
improve  the  conductivity  uniformity  which  gives  rise 
to  a  long  cycle  life. 

The  sample  treated  with  mild  oxidation  revealed 
also  an  enhanced  deintercalation  peak  whose  top  was 
well  splitted  into  two  sharp  subpeaks  and  that  at 
negative  potential  side  was  much  enhanced.  This 
may  be  indicative  of  the  reaction  site  to  be  cleaned. 
The  cycleability,  however,  was  rather  poor,  indicating 
that  the  conductivity  uniformity  was  degenerated  by 
the  oxidation  process. 

When  the  silver  covered  sample  was  heated  over 
the  Tammann  temperature,  the  resulting  SEM  picture 
revealed  tiny  silver  drops  spread  all  over  the  carbon 
surface,  which  is  supposed  to  be  formed  by  the 
melting  of  silver  on  the  carbon  surface  and  coagulated 
into  drops.  In  the  process  of  forming  the  silver  drop 
deposits  the  carbon  surface  is  expected  to  be  cleaned. 
The  CV  of  the  drop  deposit  sample  gave  rise  to  a 
dramatically  large  peak.  The  cycleability,  however, 
was  rather  poor,  which  is  considered  to  be  caused  by 
the  nonuniformity  potential  distribution  during  the 
discharge  because  too  much  current  flew,  resulting  in  a 
formation  of  heterogeneous  SEI. 

In  conclusion,  surface  cleanness  and  the  uniformity 
of  high  conductivity  are  the  most  important  key 
factors  for  attaining  high  power  and  long  cycle  life. 
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Graphite  as  anode  material  for  Li-ion  batteries  has  many 
advantages  over  other  types  of  carbon  in  a  low-rate 
application.  However,  when  a  fast-rate  charge  capability 
is  required  such  as  in  Electric  Vehicles  (EV),  lithium-ion 
batteries  with  primary  graphite  as  anode  cannot  meet  the 
targets  because  of  the  limited  insertion  rate  of  lithium 
ions.  Furthermore,  graphite  cannot  match  with  the 
commonly  used  cathode  in  terms  of  rate,  the  capacity,  the 
energy  density,  and  the  cycleability  decrease  and 
consequently  once  the  battery  is  charged  at  a  fast  rate,  a 
safety  problem  is  encountered.  Hence,  in  order  to  improve 
the  insertion  rate  graphite  needs  to  be  modified  for  these 
types  of  applications. 

Using  graphite  with  dispersed  ultrafine  silver  particles,  a 
higher  volumetric  capacity  and  longer  cycle  life  than 
conventional  graphite  was  reported  [1].  An  improvement 
of  the  charge/discharge  rate  was  shown  by  cyclic 
voltammograms  of  the  graphitized  mesophase  carbon 
fibers  on  the  surface  of  which  Pd  was  deposited  [2]. 
Recently,  in  our  laboratory  graphite-metal  oxide 
composites  were  prepared  by  dispersing  various  metal 
oxides  in  a  Graphite  Oxide  coarse  suspension  and  the 
electrochemical  performances  were  studied  in  detail  [3,4]. 
The  results  on  G-MO  (G=  graphite,  MO  =  CuO,  NiO, 
Fe304,  and  Pb304)  composites  will  be  presented  and 
discussed  in  this  paper. 

XRD  results  show  that  the  prepared  G-MO  samples  are 
mainly  a  mixture  of  graphite  and  the  corresponding  metal 
oxide,  while  FTIR  analyses  confirm  the  existence  of  a 
certain  bonding  between  the  metal  oxide  and  carboxylic 
groups  on  the  surface  of  graphite. 

During  the  first  discharge  a  large  irreversible  plateau 
appears  in  all  four  samples.  Combining  the  calculations 
and  XRD  analyses,  these  plateaus  are  a  result  of  a 
reduction  reaction  of  the  metal  oxide  to  the  corresponding 
metal  during  discharging.  Subsequently,  only  a  small  part 
of  the  formed  metallic  particles  are  oxidized  upon 
charging.  In  the  subsequent  discharge/charge  cycles  such 
reduction/oxidation  reactions  are  reversible. 

The  prepared  graphite-metal  oxide  composites  show  a 
good  cycleability  (see  Fig.l).  This  characteristic  is 
attributed  to  the  improvement  of  the  electronic  contact 
between  the  graphite  particles  as  a  result  of  the  presence 
of  the  metallic  particles  formed  after  the  first  discharge 
process. 

The  reversible  capacities  at  various  discharge  current 
densities  are  compared  with  pure  graphite  and  the  results 
are  shown  in  Table.  1.  A  substantial  improvement  has 
been  obtained  with  G-CuO  composites  as  can  be  seen  in 
Table  1  and  Fig.2.  The  inset  presents  the  same  curves  into 
the  low  voltage  regions  for  better  resolution.  For  G-CuO 
when  discharged  at  a  high  current  rate,  i.e.  I=1.0mA/cm2, 
the  completion  of  the  initial-stage  intercalation  can  be 
observed  while  for  pure  graphite  not.  In  combination  with 
electrochemical  impedance  spectroscopy  results,  the 
improvement  of  the  rate  capability  of  G-MO  composites 
is  attributed  to  the  enhancement  of  both  the  electronic 
conductance  and  reaction  kinetics  especially  considering 


the  lithium  transport  process  along  and  across  the 

interfaces  where  charge  transfer  occurs. 
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Fig.2  Discharge  profiles  of  G  ( squares )  and  G-CuO 
(circles)  composite  at  low  (I=0.1mA/cm2,  solid)  and  high 
(I=0.1mA/cnr,  hollow)  current  densities,  respectively. 


Table.  1  Capacity  at  low  and  high  discharge  current  rate 
of  G  and  G-MO  composites 


Samples 

Qi  (mAh/g  G) 
1=0. 1  mA/cm2 

Qh  (mAh/g  G) 
I=1.0mA/cm2 

Qh/Qi 

(%) 

G 

320 

o 

oo 

25 

G-NiO 

325 

125 

38 

G-Pb304 

675 

260 

38 

G-Fe304 

325 

135 

41 

G-CuO 

350 

210 

60 
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Introduction 

Recent  strong  demand  of  portable  electronic 
appliance,  especially  an  advanced  portable  phones,  is 
to  enhance  the  operational  power  of  the  power  source. 
The  most  promising  power  source  is  considered  to  be 
Li-ion  secondary  batteries.  Attaining  the  increase  in 
operational  power  of  the  battery  causes  to  improve  the 
cycleability  as  well. 

The  cell  performance  is  strongly  dependent  on 
what  type  of  material  is  used  and  also  what  type  of  the 
electrode  designing  is  adopted.  The  influencing  factor 
in  the  material  designing  is  the  structure  not  only 
based  on  the  molecular  level  but  also  SEM 
microscope  level.  In  addition,  even  though  the  same 
material  is  used,  the  cell  performance  differs  to  a  great 
extent  if  the  different  electrode  designing  is  adopted. 

In  the  present  study  we  focus  our  attention  on  the 
anode  material  of  Li-ion  battery,  especially  on  the 
carbon  material  and  would  like  to  provide  key  factors 
for  realizing  a  high  power  charge/discharge 
performance  in  view  of  what  type  of  the  carbon 
material  and  what  type  of  the  electrode  designing  are 
the  most  preferable. 

Experimental 

As  the  test  active  materials  two  types  of 
mesophase  carbon  fibers  of  very  well  graphitized  and 
low  temperature-treated  ones  (Melblon  3100  and  800, 
Petoca  made)  were  used.  A  single  straight  fiber  with  a 
diameter  of  10  •  m,  an  integrated  fiber  felt  and  short 
cut  fiber  particles  were  tested. 

A  single  fiber  was  immersed  in  the  electrolyte 
vertically  with  a  depth  of  5  mm  and  the  electro¬ 
chemical  test  was  done.  For  the  fiber  felt,  it  was 
sliced  into  I  mm  thick  piece  and  sandwiched  between 
two  Ni  expanded  metal  sheets,  whose  rims  being  spot- 
welded  at  several  points  for  tight  fixing  and  used  as  a 
test  electrode  aft.  For  preparing  active  material  slurry 
the  short  cut  fibers  were  mixed  well  with  an  electro- 
conducting  additive  of  carbon  powder,  PVDF  binder, 
and  n-methyl  pyrrolidone,  thus  formed  slurry  being 
coated  on  a  copper  foil,  dried  at  120  °C,  pressed,  and 
used  as  a  test  electrode.  Several  kinds  of  electro¬ 
conducting  carbon  powder  including  graphite  powder 
were  tested,  where  the  mixing  ratio  was  varied. 

A  l:l(v/v)  mixture  of  ethylene  carbonate  and 
dimethyl  carbonate,  or  propylene  carbonate, 
containing  1  M  LiC104,  was  used  as  an  electrolyte. 
The  former  was  used  for  the  graphitized  carbon  and 
the  latter,  for  the  non-graphitized  one. 

Several  electrochemical  tests  were  performed, 
where  cyclic  voltammogram  (CV),  constant  current 
charge/discharge  performance,  and  potential  step 


current-time  curve  were  measured.  SEM  pictures  and 
XRD  patterns  were  taken  if  necessary. 

Results  and  Discussion 

Regarding  the  initial  irreversible  charging 
capacity  of  graphitized  carbon,  it  appeared  clearly  the 
CV  both  for  the  felt  type  and  the  coated  electrodes, 
while  a  single  carbon  fiber  revealed  no  detectable 
irreversible  capacity  even  the  same  source  of  the 
material  was  used.  In  the  case  of  the  single  fiber,  the 
electric  conductivity  is  considered  to  be  uniform 
throughout  the  specimen  but  that  of  the  other  is 
supposed  to  be  inhomogeneous.  This  means  that  the 
irreversible  capacity  appearing  on  the  CV  of  the 
graphitized  carbon  is  not  due  to  an  intrinsic  nature, 
and  accordingly,  taking  a  homogeneous  good  electric 
contact  of  each  active  material  particle  can  minimize 
it.  The  homogeneous  distribution  of  the  conductivity 
was  also  effective  to  attain  a  good  cycleability. 

In  contrast,  a  single  fiber  of  800  °C  sample  gave 
always  a  sharp  cathodic  peak  on  the  first  scan  CV 
curve.  The  irreversible  peak  could  not  be  removed 
unless  the  sample  was  heated  over  1000  °C  in  vacuo, 
implying  that  it  is  an  intrinsic  one. 

The  Li  charge/discharge  capacity  of  over  600 
mAh/g  could  be  confirmed  for  the  800  °C  felt  sample 
only  when  the  charge/discharge  rate  was  extremely 
slow,  implying  that  the  Li  insertion  and  removal  rates 
of  the  material  is  intrinsically  slow.  Therefore,  the  low 
temperature  sample  is  not  suitable  for  the  high  power 
purpose  though  it  has  a  very  high  latent  charge 
capacity. 

For  the  coated  electrode  comprised  of  short  fiber, 
not  only  the  cycleability  but  the  depression  of  the 
initial  irreversible  capacity  could  be  much  improved 
when  an  appropriate  amount  of  the  conducting 
additives  was  loaded  homogeneously.  This  means  that 
the  homogeneous  distribution  of  the  conductivity 
throughout  the  electrode  surface  is  an  important  key 
factor  for  realizing  high  performance. 

The  surface  of  the  fiber  sample  is  covered  with  a 
thin  hard  skin  formed  by  oxidation  treatment.  When 
the  skin  was  thinned  by  mild  oxidation  treatment,  the 
CV  peak  for  Li  discharge  was  enhanced  showing  the 
reaction  rate  to  be  increased. 

Application  of  a  thin  metal  film  by  vacuum 
deposition  on  the  carbon  surface  was  found  also  very 
effective  to  enhance  the  Li  charge/discharge  rate. 
Silver  was  found  to  be  one  the  best  candidate.  The 
rates  of  the  Li  charge/discharge  reactions  were 
evaluated  by  a  potential  stepping  chronoam- 
mperometry.  The  obtained  value  expressed  based  on 
diffusion  coefficient  was  near  10'8  cm/sec2  for  pristine 
graphitized  carbon  but  it  could  be  increased  up  to  as 
high  as  I0‘  cm/sec2  when  a  silver  film  was  deposited. 
Thus  surface  modification  is  also  an  important  key 
factor  to  attain  the  high  power  charge/discharge 
performance. 
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Idota  et  al.  (1)  announced  in  1997  that  tin  oxide 
compounds  can  replace  the  carbon  as  a  negative  electrode 
in  the  future.  Courtney  and  Dahn  (2)  have  proposed  a 
model  to  explain  the  mechanism.  Initially  the  tin  oxide  is 
reduced  to  form  tin  metal  and  Li20,  then  the  lithium-tin 
alloy  is  formed  and  the  reversible  capacity  comes  from 
the  alloying/dealloying  of  the  tin  metal.  Some  reports 
(3,4)  have  shown  that  ZnO  follows  the  model  suggested 
by  Courtney  and  Dahn  (2)  for  tin  oxides.  Since  then,  there 
have  been  an  increasing  number  of  studies  on  tin  alloys 
and  other  tin  oxide  composites.  Both  strategies  register 
some  disadvantages:  mechanical  stress  due  to  volume 
expansion  for  the  alloys  and  large  irreversible  loss  during 
the  initial  discharge  for  the  oxides.  The  purpose  of  this 
work  is  to  combine  both  metal  oxides  to  improve  the 
capacity.  The  inverse  spinel  Zn2Sn04  was  prepared  by 
hand-grinding  and  ball-milling  followed  by  sintering. 
Also  the  same  ratio  of  Sn02  and  ZnO  with  several  periods 
of  ball-milling  were  investigated  as  active  material. 

Milling  is  well  known  for  decreasing  particle  size  down  to 
nanoscale,  creating  more  disorder  in  the  structure  and  new 
crystalline  phase,  and  amorphous  phases  (5).  In  our  case 
ball-milling  does  not  alter  the  oxide  structure  and  does  not 
initiate  new  phases  (see  Figure  1).  The  oxides,  after  a  long 
milling  time,  stopped  decreasing  and  increased  in  particle 
size  and  become  partially  amorphous.  During  this  process 
the  existing  plateaux  of  Sn02  at  0.9V  and  ZnO  at  0.6V  are 
still  visible. 

The  spinels  exhibit  an  initial  reversible  capacity  between 
300  and  400  mAh/g,  whereas  the  mixtures  have  a  capacity 
between  400  and  550  mAh/g.  As  has  been  reported 
previously  (6),  the  initial  capacity  increases  as  particle 
size  decreases.  The  capacity  is  larger  for  the  oxides  milled 
separately  than  the  co-milled  oxides  (see  Figure  2).  The 
milled  spinel  gives  lower  capacity  compared  to  the 
ground  spinel.  Milled  powders  react  better  because  of  the 
smaller  particle  size  of  the  reactants,  therefore  ball¬ 
milling  before  reaction  might  reduce  the  performance  of 
the  negative  electrode. 

After  several  cycles  the  capacity  profile  is  modified.  The 
spinel  has  better  capacity  compared  to  the  mixture.  The 
alloying  and  dealloying  efficiency  of  lithium-tin  and 
lithium-zinc  is  lower  for  the  mixture.  The  spinel  structure 
seems  to  lose  less  capacity  during  cycling. 

In  order  to  estimate  the  particle  size  before  and  after 
cycling  some  SEM  were  performed.  Understanding  the 
mechanisms  that  occur  during  cycling  is  challenging, 
because  the  processes  proposed  are  not  well  understood. 
To  clarify  the  phenomena  in-situ  and  ex- situ 
measurements  as  EXAFS,  XRD  and  SEM  were 
performed. 


Figure  1  XRD  of  ZnO:Sn02  (2:1)  milled  together  for  22  hours 
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Figure  2  Reversible  capacity  Vs  cycle  number  for  ball-milled  (O) 
and  hand-ground  (A)  ZnzSnO<  spinels  and  ball-milled  separately  (  ) 
and  together  (x)  ZnO  and  Sn02  powders 
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Tin  oxides  are  a  group  of  materials  that  show  promise  as 
Li-ion  battery  anodes  (1,2,3)  due  to  their  large  reversible 
lithium  capacity.  The  mechanism  of  insertion  of  Li+  into 
these  oxides  is  thought  to  proceed  by  an  initial  reduction 
of  the  Sn(II  or  IV)  to  metallic  tin  particlesf  1  ]  dispersed  in 
the  remaining  oxide.  This  is  followed  by  the  reversible 
alloying  of  lithium  into  the  dispersed  metal  particles  [2] 
(1,2).  This  alloying  of  lithium  into  tin  causes  a  large 
volumetric  expansion,  which  makes  bulk  tin  electrodes 
unusable.  It  is  thought  that  the  small  particle  size  and  the 
surrounding  oxide  matrix  helps  to  stabilise  these  volume 
changes  in  the  oxide  based  electrodes. 

The  form  of  the  initial  tin  oxide  used  is  important  as  it 
will  effect  both  the  size  of  the  metallic  particles  as  well  as 
the  type  and  structure  of  the  surrounding  oxide  matrix. 

To  investigate  the  influence  of  the  oxide  matrix  on 
electrode  performance,  a  series  of  isostructural  inverse 
spinels  (M2Sn04,  M  =  Mg,  Co,  Mn,  etc)  were  produced 
and  investigated.  Assuming  the  additional  metals  are 
inert  to  lithium  insertion  they  should  still  follow  the  same 
model  as  insertion  into  Sn02  but  with  the  reduction  step 
( 1  ]  forming  a  more  complicated  Li-metal  oxide 
composite. 

These  materials  were  characterised,  and  studied  as 
possible  anode  materials.  Conventional  voltammetric 
studies  have  been  used  to  investigate  the  electrochemical 
behaviour  of  the  materials.  A  selection  is  shown  in  Fig  1. 
There  are  significant  differences  between  the  various 
oxides,  most  readily  apparent  in  the  level  of  the  voltage 
plateaux  at  low  lithium  insertion.  The  correlation 
between  these  potentials  and  the  enthalpies  of  formation 
of  the  oxides  will  be  discussed.  There  are  also  changes  in 
the  reversible  cycling  of  the  cell,  with  the  amount  of 
lithium  inserted  at  different  potentials  varying  between 
samples.  This  shows  that  the  oxide  framework  has  an 
influence  on  the  insertion  of  the  lithium  into  the  electrode. 

These  results,  coupled  with  other  in  situ  and  ex  situ 
techniques,  such  as  AC  impedance,  X-ray  diffraction 
EXAFS,  will  be  shown  and  discussed. 


Sn02  +  4Li+  +  4e'  =*  2Li20  +  Sn  [  1  ] 

Sn  +  xLi*  +  xe'  <=>  LixSn 

(0  <  x  <  4.4)  [2] 


Fig  1  Galvanostatic  cycling  of  various  tin  spinels,  and 
Sn02  for  comparison 
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Tin-based  amorphous  composite  oxides  have 
recently  received  much  attention  as  the  active  component 
in  anode  materials  for  rechargeable  lithium  ion  batteries 
[1  ].  These  materials  show  an  outstanding  performance 
regarding  the  Li-storage  capacity,  more  than  600  mAh/g 
(reversible).  However,  during  the  first  cycle  there  is  a 
large  permanent  capacity  loss.  The  reaction  causing  the 
large  irreversible  capacity  is  believed  to  be  the  formation 
of  metallic  tin  when  the  lithium  ions,  when  inserted  into 
the  material,  react  with  oxygen  in  the  tin  oxide  [2]. 

New  results  indicate  the  importance  of  the  constituents  of 
the  glass  network  and  also  the  significance  of  oxygen 
participation  for  good  cycleability  [3],  The  dependence  of 
the  glass  network  for  the  cycleability  is  not  yet  clear  but 
by  substituting  the  different  components  of  the  network  it 
should  be  possible  to  lower  the  irreversible  capacity. 

We  have  earlier  examined  the  behavior  of  boron 
and  phosphorous  in  the  glass  network.  This  has  been  done 
by  investigating  electrodes  from  different  stages  of  the 
first  cycle  with  FT-  IR.  From  FT-IR  measurements  it  can 
be  seen  that  the  glass  network  is  affected  by  the  lithium 
insertion  and  that  the  changes  are  not  fully  recovered  by 
lithium  extraction. 

We  have  performed  micro-Raman  spectroscopy 
measurements  which  indicate  that  the  lithium,  when 
entering  the  material,  is  first  attracted  by  the  oxygen’s 
bonded  to  the  phosphorous  and  thereby  causes  an 
irreversibly  change  in  the  local  structure  around  it.  Since 
the  structure  for  phosphate  and/or  boron  oxide  glasses  is 
well  known  it  is  possible  to  detect  and  understand  how 
their  part  of  the  structure  is  affected  by  lithium.  It  appears 
like  bonds  between  neighboring  phosphate  units  are 
broken,  while  boroxol  bridging  units  are  less  affected,  see 
Figure  (1).  Results  will  be  presented  on  glasses 
investigated  both  before  and  after  the  electrochemical 
cycling  experiments.  Due  to  the  interaction  between 
phosphate  and  lithium,  measurements  have  been  done  on 
tin  oxide  glasses  containing  boron  and  aluminium  but 
without  phosphorous. 

The  irreversible  capacity  is  not  only  being  due  to 
the  aggregation  of  metallic  tin  and  the  formation  of 
lithium  oxide  but  also  to  the  disruption  of  the  original 
glass  network. 


Figure  1.  The  effect  of  lithium  insertion  on  the  glass 
network;  (a)  the  phosphate  units,  (b)  the  boroxol  units. 
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Introduction 

Tin-containing  materials  have  been  studied  for 
anode  materials  for  lithium  secondary  batteries  because  of 
high  capacity  against  carbon  (1).  From  the  viewpoint  of 
high  volumetric  energy  density,  tin-containing  thin  films 
are  also  promising  materials  for  anode  materials  of  micro¬ 
battery  (2,3).  Tin  metal  has  large  capacity  but  shows  poor 
cycle  reversibility  because  of  large  volumetric  change 
with  lithium  intercalation.  In  addition,  the  intrinsic 
electrochemical  property  of  tin-containing  materials  was 
not  completely  clarified.  Electrochemical  tests  using  thin 
films  might  throw  light  on  electrochemical  properties 
without  binder.  Tin  oxide  thin  films  showed  good  cycle 
reversibility  but  need  relative  high  temperature  above  573 
K  for  deposition  on  substrate.  In  this  study,  tin- 
containing  thin  films  were  synthesized  and  characterized 
by  XRD  and  electrochemical  measurements.  Further, 
their  electrochemical  properties  were  tried  to  improve  by 
the  change  of  form  and  electrical  test  conditions. 

Experimental 

Tin  metal  (Sn)  and  tin-copper  alloy  (Sn5Cu6)  films 
were  prepared  from  tin  ingot  by  a  vapor  deposition 
process.  The  tin  oxide  (Sn02)  films  were  prepared  by  a 
photochemical  vapor  deposition  process.  TMT  and  02 
(containing  4  moP/oCb)  were  used  as  the  source  materials 
and  a  low  pressure  mercury  lamp  was  used  as  the  light 
sources.  Electrochemical  tests  were  carried  out  with  a 
beaker- type  configuration.  The  electrolyte  used  was  1M 
LiC104  in  EC:DMC(1:1). 

Results  and  discussion 

Tin  metal  films  were  deposited  on  stainless 
substrate  at  R.T.-493  K.  All  XRD  patterns  showed  the 
peaks  of  tin  metal  (JCPDS  4-673)  except  for  ones  of 
substrate.  SEM  image  showed  average  grain  size  of  about 
2  pm  at  393  K.  Electrochemical  tests  showed  typical 
curves  of  tin  metal.  From  the  volumetric  change,  the  thin 
films  were  peeled  off  substrate  during  charge-discharge 
cycles  between  0  and  1 . 1  V.  The  Li/Sn  cell  showed  the 
capacity  of  400  mAh/g  at  10  cycles  in  the  range  of  cut-off 
voltage  of  0.2  and  0.8  V. 

Tin-copper  films  were  deposited  on  copper 
substrate.  XRD  patterns  showed  a  single-phase  tin  metal 
at  R.T.  and  tin-copper  alloy  appeared  with  increasing 
temperature.  At  473  K,  tin-copper  alloy  was  mainly 
observed  except  for  copper  substrate.  SEM  image 
showed  drastic  changes  with  substrate  temperature.  A 
small  spherical  grain  of  0.1 -0.5  pm  was  observed  at  463 
K,  while  large  grain  of  2  pm  was  observed  at  473  K.  The 
plateaus  around  0.4  V,  which  was  characteristics  for  tin 
metal,  was  observed  in  initial  charge  process  for  samples 
synthesized  under  433  K.  The  characteristic  curves, 
corresponding  to  Sn5Cu6  alloy  (4),  were  observed  above 


473  K.  The  Li/Sn5Cu6  cell  showed  the  capacity  of  200 
mAh/g  after  100  cycles. 

Tin  oxide  films  were  deposited  on  stainless 
substrate  at  473-573  K.  XRD  patterns  showed 
amorphous-like  patterns  at  473  and  523  K,  while  XRD 
pattern  prepared  at  573  K  showed  polycrystalline  pattern, 
in  which  110  and  211  peaks  were  indexed  from 
orthorhombic  Sn02  (JCPDS  41-1445).  The  Li/Sn02  cell 
showed  the  reversible  capacity  of  600  mAh/g  in  the 
voltage  range  of  0.02-0.8  V.  No  different  electrochemical 
behavior  was  observed  with  substrate  temperature. 

These  results  indicated  that  tin-containing  materials 
were  promising  candidate  for  anode  materials  by 
controlling  the  grain  size  and  cut-off  voltage  and  clarified 
that  the  Sn02  thin  film  suitable  for  electrode  was  possible 
to  synthesis  at  low  temperature  of  473  K  by  photo-CVD 
method. 
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Since  the  announcement  by  Fuji  Film  Co.  of  the 
use  of  tin  oxides  as  anode  for  lithium  ion  batteries,  there 
has  been  an  impressive  amount  of  work  on  tin  based 
electrodes  [1].  One  of  the  problem  related  to  the  use  of  tin 
oxide  is  that  very  fine  particles  are  needed  to  get  the  high 
capacity  expected  for  this  material.  Furthermore,  the  poor 
electronic  conductivity  is  also  a  hinder  to  the  reaction  of 
tin  oxide  with  lithium  during  the  first  charge. 

In  order  to  investigate  the  effect  of  the  grain  size 
and  the  electronic  conductivity  of  tin  oxide,  we  have 
prepared  thin  films  of  this  material  by  a  sol-gel  technique. 
The  electronic  conductivity  was  enhanced  by  antimony 
doping  [2],  Furthermore,  it  seems  that  some  dopant,  like 
Mo,  are  efficient  to  enhance  the  cycling  properties  of 
Sn02  material  [3]. 

Thin  films  were  prepared  from  propyleneglycol 
solutions  with  a  total  metal  concentration  [Sn+Sb]  equal 
to  0.05M.  These  solutions  were  obtained  from  chlorides 
titrated  with  AgN03.  About  7-10  ml  of  the  solution  was 
slowly  sprayed  on  a  Cu  foil  at  498°K.  Then,  the  films 
were  annealed  at  673°K  during  one  hour. 

Scanning  electronic  microscopy  was  used  to 
examine  some  properties  of  the  electrode  surface.  No 
special  changes  in  particles  morphology  occur  with  the 
antimony  doping.  In  addition,  no  antimony  oxide  particles 
apart  from  tin-antimony  oxide  particles  were  detected. 

X-ray  diffraction  (XRD)  patterns  reveal  a  poor 
crystallinity  of  the  samples  according  to  the  marked 
broadness  of  the  peaks.  In  contrast,  they  can  be  easily 
correlated  to  a  cassiterite  (Sn02)  structure.  Antimony 
doping  remarkably  decreases  the  crystallinity  of  the 
samples  (see  Table  I).  However,  it  seems  that  antimony 
doping  has  a  slight  effect  on  the  cell. 

Electrochemical  tests  were  performed  at  25°C,  in 
a  simple  two  electrode  cell  using  metallic  lithium  as  both 
reference  and  counter  electrode.  The  electrolyte  was  a  1M 
solution  of  LiPF6  dissolved  in  a  two  to  one  mixture  of  EC 
and  DEC  (Merck).  Cells  were  cycled  in  a  range  de  50 
mV- 1.2V  under  a  current  density  of  0.25  mA/cm2, 
corresponding  to  a  C/7  rate.  As  seen  in  Figure  I,  antimony 
doping  leads  to  an  initial  capacity  loss  higher  than  the 
undoped  sample.  Nevertheless,  the  capacity  fade  upon 
cycling  is  lower  for  the  antimony  doped  films.  The  best 
performances  are  obtained  for  the  «  5%  »  Sb  composition. 

These  preliminary  results  would  indicate  that  Sb 
doping  in  Sn02  thin  films  significantly  enhances  the 
performance  of  the  electrode  in  a  lithium,  ion  cell.  Several 
reasons  can  explain  this  feature.  Firstly,  a  decrease  in  the 
grain  size  when  tin  oxide  film  is  antimony  modified. 
Secondly,  the  thin  films  must  increase  their  electronic 
conductivity  when  doping.  This  last  feature  can  also 
increase  the  reactivity  of  the  material  during  the  first 
cycle,  when  tin  particles  are  formed  in-situ.  Further 


investigation  must  be  carried  out  in  order  to  clarify  the 
mechanism. 


Table  I.  Structural  data  of  the  antimony  doped  tin 
oxide  samples. 

Spacing  (A) 

(110)  (101)  “ 

3.333  2.626 

3.402  2.641 
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(211) 

L754 

1.766 

1.738 


Figure  1.  Capacity  versus  cycle  number  of  cells  with 
antimony-tin  oxide  thin  films  as  anodes. 
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In  many  electrolyte  solutions  graphite  electrodes  tend  to 
co-intercalate  solvent  molecules.  This  effect  causes 
increased  irreversible  charge  consumption  due  to  solvent 
decomposition  inside  the  graphite  (i.e.,  between  the 
graphene  layers).  The  solvated  lithium  intercalates, 
Li(solv)y+,  are  much  larger  than  the  unsolvated  lithium 
cations  Li+.  Therefore,  solvated  intercalation  may  cause 
irreversible  structural  damages  of  the  graphite.  To  avoid 
solvated  intercalation,  only  electrolyte  compositions  can 
be  used,  which  form  a  protective  "solid  electrolyte 
interphase"  (SEI).  The  SEI  is  in  an  ideal  case  a  membrane 
permeable  for  unsolvated  Li+  cations  only  [1-3]. 

Here,  we  investigate  and  compare  solvated  and  unsol¬ 
vated  intercalation  reactions  into  graphites  by 
electrochemical  dilatometry.  The  method  is  able  to  in-situ 
monitor  the  macroscopic  expansions  (and  contractions)  of 
a  graphite  sample  due  to  the  electrochemical  intercalation 
(and  de-intercalation)  of  Li+  and/or  Li(solv)y+. 

Graphite  anodes  charged  in  electrolytes  based  on  pro¬ 
pylene  carbonate  (PC)  suffer  from  enormous  PC  co-inter¬ 
calation  between  the  graphene  layers  and,  thus,  the 
graphite  exfoliates  rapidly  (Figure  1).  This  is  indicated  by 
the  large  irreversible  volume  expansion  of  the  sample  and 
the  extensive  irreversible  solvent  reduction  negative  to 
about  1  V  vs.  Li/Li+.  The  solvated  intercalation  reaction 
and  the  corresponding  large  volume  changes  can  be 
diminished  or  even  suppressed  by  using  strong  film- 
forming  electrolyte  additives,  e.g.,  ethylene  sulfite  (ES, 
Figure  2).  The  ES  is  electrochemically  reduced  and  forms 
a  SEI  at  potentials  more  positive  than  the  potential  of 
solvent  co-intercalation  [3,4]. 


graphite 

exfoliation 

Fig.  1:  Dilatation  record  (a)  and  cyclic  voltammogram  (b) 
of  TIMREX®  T  200  -  2000  synthetic  graphite  in 
1  M  LiN(S02CF3)2/PC;  scan  rate  0.1  mV  s'1. 


Fig.  2:  Dilatation  record  (a)  and  cyclic  voltammogram  (b) 
of  TIMREX®  T  200  -  2000  synthetic  graphite  in 
1  M  LiN(S02CF3)2/PC/ES  (95/5  by  volume);  scan  rate  0. 1 
mV  s'1.  (Signal  to  background  ratio  and  resolution  of  the 
CV  is  poor  due  to  geometrical  limitations  of  the 
dilatometry  cell). 


[1]  E.  Peled,  D.  Golodnitzky,  and  J.  Pencier,  in:  Hand¬ 
book  of  Battery  Materials,  J.  O.  Besenhard  (Ed.), 
Wiley- VCH,  Weinheim,  Part  III,  Ch.  6  (1999) 

[2]  M.  Winter,  J.  O.  Besenhard,  M.  E.  Spahr,  and  P. 
Novdk,  Adv.  Mater. ,  10,  725  ( 1 998) 

[3]  G.  H.  Wrodnigg,  J.  O.  Besenhard,  and  M.  Winter,  J. 
Electrochem.  Soc.,  146,  470  (1999) 

[4]  M.  Winter,  G.  H.  Wrodnigg,  J.  O.  Besenhard,  W. 
Biberacher,  and  P.  Nov£k,  J.  Electrochem.  Soc., 
submitted 

[5]  G.  H.  Wrodnigg,  T.  M.  Wrodnigg,  J.  O.  Besenhard, 
and  M.  Winter,  Electrochem.  Comm.,  1,  148  (1999) 

[6]  Z.  X.  Shu,  R.  S.  McMillan,  J.  J.  Murray,  and  I.  J. 
Davidson,  /  Electrochem.  Soc.,  14,  2231  (1996) 


Results  on  the  influence  of  other  additives  and 
electrolyte  components,  such  as  propylene  sulfite  [5]  and 
chloroethylene  carbonate  [6]  in  combination  with  PC  will 
be  presented.  The  role  of  ethylene  carbonate  (EC)  in 
electrolytes  based  on  EC/PC  solvent  mixtures  will  receive 
particular  attention. 
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Rechargeable  microbatteries  for  use  in  low  power 
applications,  such  as  micro  electromechanical  system 
(MEMS),  and  micro  implantable  medical  devices, 
require  high  specific  energy  and  cycle  properties.  To 
satisfy  these  requirements,  anode  materials,  which  have 
high  specific  capacity  and  no  irreversible  capacity  at  the 
first  cycle,  are  necessary.  In  this  viewpoint, 
carbonaceous  materials  and  tin  composite  oxides  are  not 
adequate. 

It  is  well  known  that  silicon  can  alloy  with  lithium  up 
to  4.4  Li  per  Si,  at  400*  .  but,  silicon  anode  shows  poor 
cycle  properties.  It  is  considered  that  volume  change  of 
Si-Li  alloy  with  Li  insertion  and  extraction  leads  to 
pulverization  of  silicon  anode. 

Silicon  thinfilm  anodes  were  fabricated  by  rf 
magnetron  sputtering  method  on  copper  and  very  thin 
glass  substrate  varying  thickness.  Microstructures, 
surface  morphology  were  observed  by  X-ray  diffraction 
(XRD),  scanning  electron  microscopy  (SEM),  and  X- 
ray  photoeleclron  spectroscopy  (XPS).  Electro-chemical 
cells  were  assembled  with  EC/DEC  based  electrolyte 
containing  1M  LiBF6  salt.  Charge  and  discharge  test 
and  in-situ  stress  measurement  were  carried  out. 

Effect  of  stress  variation  during  lithium  insertion  and 
extraction  processes  on  the  cycle  properties  of  silicon 
anode  will  be  discussed. 
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The  carbonaceous  anode  materia!  commonly  used  in 
lithium  rechargeable  batteries  suffers  from  small 
capacity  per  unit  weight  (about  350mAh/g)  and  low 
capacity  per  unit  volume  due  to  its  low  density.  To 
overcome  these  disadvantages,  considerable  amount  of 
attempts  have  been  made  by  several  workers  to  find  out 
alternative  anode  material  in  place  of  carbonaceous 
anodes. 

As  a  part  of  this  venture,  we  have  recently  explored 
the  possibility  of  employing  manganese  vanadium  oxide 
as  anode  material.  The  unique  character  of  vanadium 
compound  is  that  it  can  function  either  as  anode  or  as 
cathode  material  in  lithium  ion  batteries.’"  Recently, 
Piffard  et  al.’  have  reported  on  the  synthesis  of 
amorphous  and  crystalline  manganese  vanadate 
MnV206+.  by  precipitation  method  and  showed  that  the 
anode  material  with  amorphous  structure  is  capable  of 
delivering  high  capacity  compared  to  crystalline  one. 

In  this  work,  we  report  the  synthesis  of  brannerite 
type  crystalline  MnV206  and  its  derivatives  as  anode 
material  of  lithium  rechargeable  battery  via  solution 
route  using  polymer  resin  as  gelling  agent  which  has 
advantage  over  solid  state  reaction6.  The  physical 
properties  of  above  oxide  are  discussed  and  its 
electrochemical  behavior  as  anode  material  has  also 
been  investigated 

In  Fig.  1 ,  the  crystal  structure  of  brannerite  projected  on 
(010)  plane  was  presented.  Kozlowski  et  al.1  had  already 
prepared  brannerite  MnV206  to  investigate  its  catalytic 
behavior.  According  to  them,  the  brannerite  structure 
composed  of  V06  octahedra  which  shares  opposite 
corners  forming  chains  running  parallel  to  b-axis.  The 
V06  octahedra  in  adjacent  chains  share  the  edges 
forming  anion  sheets  parallel  to  (001)  planes.  Mn  ions 
are  situated  between  anionic  sheets  so  that  each  Mn  ion 
is  coordinated  by  six  O  atoms  arranged  in  a  distorted 
octahedron.  Mn06  share  edges  forming  chains 
paralleling  the  b-axis.  These  chains  are  not  linked  to 
each  another.  They  provide  a  rather  open  structure 
between  the  V06  sheets. 

The  initial  five  charge-discharge  pattern  of  MnV206  is 
depicted  in  Fig.  2.  Note  that  the  first  charge  profile  is 
quite  different  from  the  rest  of  charge  curves  is 
indicative  of  the  two  different  mechanism  operating  in 
the  lithium  insertion  process.  In  order  to  understand  the 
electrode  process  around  this  voltage  region,  XRD 
measurements  were  carried  out  for  composite  electrode. 
It  is  observed  from  the  figure  that  the  principal  peaks 
appearing  around  2*  =28°  (CuKa)  characteristics  of 
brannerite  crystalline  MnV206  gradually  decreases  and 
at  the  end  of  the  plateau  at  0.7V,  it  disappeared 
completely.  When  the  charged  electrodes  were 
discharged  again,  we  could  not  observe  recovery  of 
crystalline  peaks.  From  these,  we  assumed  that 
irreversible  transformation  to  amorphous  lithiated 
material  occurred  only  during  the  first  lithium  insertion 
stage  into  this  structure.  Fig.3  shows  the  cycling 
behavior  of  composite  electrode  under  constant  current 
density  (0.2mA/cm2)  was  tested  between  0.0  and  3.5V 
over  several  tens  of  cycles.  To  improve  the  electrode 


property  including  capacity  retention  and  cycle  property, 
Li  and  Mo  were  substituted  with  Mn  and  V, 
respectively.  This  substituted  compounds  (LixMni.xV|. 
xMox06  0<x£l)  were  also  identified  as  the  same 
structure  through  XRD.  The  physical  and 
electrochemical  properties  of  these  substituted  materials 
will  be  presented. 

Fig.l  Schematic  diagram  of  Brannerite  structure 
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Fig.3  cycle  behavior  of  MnV2(VLi  cell. 
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Abstract 

Lithium  intercalation  and 
deintercalaction  processes  occur  through 
solid  electrolyte  interfaces  on  the  zigzag 
and  arm-chair  faces  of  graphite.  Such 
solid  electrolyte  interfaces  are  formed  by 
reaction  of  surface  groups  on  the 
graphite  with  lithium  upon  charging. 
The  nature  of  this  interface  to  a  large 
extent  determines  the  reversible  and 
irreversible  capacities  of  the  graphite. 
We  have  investigated  the  influence  of 
mild  oxidation  of  samples  of  natural 
graphite  exfoliated  graphite  and  carbon 
nanotubes  on  the  surface  characteristics 
of  the  films  formed  on  these  materials 
upon  lithium  intercalation.  These  surface 
groups  formed  upon  oxidation  have  been 
characterized  using  FTIR  spectroscopy. 
The  reversible  and  irreversible  capacities 
of  the  thermally  oxidised  graphite 
samples  are  discussed  in  terms  of  the 
surface  film  composition  as  well  as 
enhanced  surface  area  that  contributes  to 


increased  number  of  sites  for  lithium 
intercalation. 
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X-RAY  ABSORPTION  STUDY  OF  COBALT 
VANADATES  DURING  CYCLING  USABLE  AS 
NEGATIVE  ELECTRODE  IN  LITHIUM  BATTERY. 
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M.  Touboul(l)  and  J.M.  Tarascon  0) 


in  both  distances  and  the  appearance  of  an  additionnal  one 
around  2.45  A.  The  XANES  spectrum  tends  to  prove  that 
this  distance  corresponds  to  a  metallic  structural 
environment.  During  cycling  the  colbalt  atom  goes  from 
this  state, on  discharge,  to  an  oxide  like  environment  on 
charge. 


(1)  LRCS,  University  de  Picardie  and  CNRS,  33  Rue  St. 
Leu,  F-80039,  Amiens,  France 
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Cedex,  France. 

Vanadium-based  oxides  were  reported  to  display 
attractive  electrochemical  properties  vs.  Li,  such  as 
uptake  and  removal  of  a  large  amount  of  lithium  ions  at 
low  potential.  Over  the  last  few  years,  our  group  has 
devoted  much  effort  towards  the  synthesis  of  a  wide 
variety  of  either  crystalline  or  amorphous  divalent  and 
trivalent  element  vanadates  [1,2]  containing  occasionnally 
structural  water.  Their  electrochemical  performances  vs. 

Li  were  investigated,  so  as  to  screen  the  best  material. 
Amongst  them,  numerous  are  those  having  an  initial 
capacity  as  high  as  1000  mAh/g.  However,  whatever 
their  initial  capacity,  all  of  them  exhibit  a  large  capacity 
fading  upon  cycling,  whose  origin  is  not  yet  understood. 

A  possible  clue  to  account  for  such  a  limited 
cyclcability  could  arise  from  a  better  understanding  of  the 
relation  between  structure  and  electrochemical  properties. 
Searching  for  such  relation  is  complicated  by  the  fact  that 
these  materials  are  becoming  amorphous  during  the  first 
discharge.  So  we  are  left  with  only  a  few  techniques  able 
to  probe  the  structure  of  amorphous  materials.  One  of 
them  is  the  X-ray  absorption  spectroscopy  (XAS).  We 
then  used  this  technique  to  characterize  the  structural  and 
electronic  modifications  induced  by  cycling  in  a 
CoV206/Li  battery.  The  experiments  have  been 
performed  at  both  vanadium  and  cobalt  K  edges  using  a 
plastic  CoV206/ii  battery  made  according  to  Bellcore 
technology. 

We  monitored  the  evolution  of  the  M-0  (M=Co 
and  V)  and  M-M’  (M’=  Co  or  V),  distances  and  the 
electronic  change  within  the  C0V2O6  vanadate  not  only 
during  the  first  discharge  but  through  subsequent  cycles. 
The  first  discharge  voltage  composition  curve  for 
C0V2O6  exhibits  a  first  plateau  at  2.4V  and  another  one 
at  0.6  V  having  capacities  of  2  and  2.5  lithiums, 
respectively,  followed  by  a  gradual  voltage  down  to  0.02 
V  leading  to  a  total  li  uptake  of  12.5  Li  per  formula  units. 
XAS  data  were  collected  after  each  plateau  and  at  the  end 
of  the  discharge  as  well  as  on  charge  and  discharge  for  the 
lO1^  cycle. 

C0V2O6  consists  of  a  3-dimensional  packing  of 
C0O6  chains  and  VO5  bipyramids.  The  intense  prepeak 
observed  on  the  XANES  spectrum  (figure  1)  is  indicative 
of  the  vanadium  fivefold  coordination.  As  soon  as  the 
cell  is  discharged  (e.g.  upon  Li  uptake)  we  note  a 
progressive  vanishment  of  the  prepeak  implying  an 
increase  in  the  vanadium  coordination  symmetry  that 
evolves  from  pyramidal  to  octahedral.  Simultaneously, 
V-0  distances  are  enhanced  whereas  V-M'  (M’=V  or  Co) 
are  shortened  once  and  then  remain  constant  upon 
subsequent  cycling.  The  Co-0  and  Co-M’  distances 
exhibit  the  same  behavior  as  the  vanadium  ones  until  the 
second  plateau  with  therefore  a  drastic  difference  during 
the  end  of  discharge  (figure  2)  with  namely  the  decrease 
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Figure  1 :  XANES  spectra  of  vanadium  K  edge  for 
various  lithium  content. 
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Figure  2:  moduli  of  the  cobalt  K  edge  Fourier  transform 
for  various  lithium  content. 
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Reversible  Li  Uptake  in  Fe3B06,  a  New  Anode 
Material 

J.  Gaubicher,  J.  Rowsell  and  L.F.  Nazar 

Department  of  Chemistry,  University  of  Waterloo, 
Waterloo  ON  N2L  3G 1 ,  Canada 

Recently,  polyanion  3-D  structures  such  as  LiFeP04 
(olivine),  some  oxo-vanadates  and  NASICON -related 
frameworks  built  of  (X04)n'  tetrahedra  and  M06 
octahedra  have  engendered  much  interest  (1-13).  These 
structures  have  been  shown  to  be  promising  hosts  for  the 
reversible  insertion  of  lithium,  as  the  Li  insertion 
potential  can  be  “tuned”  by  the  adroit  choice  of  X  and  M. 
Despite  its  low  atomic  weight,  the  investigation  of  boron 
as  a  polyanion  (BOx)n'  in  these  structures  has  not  been 
reported  to  date.  The  present  communication  reports  the 
investigation  of  a  new  class  of  materials  for  lithium 
batteries:  the  borates  FeB03  and  Fe3B06.  These  two 
compounds  are  obtained  by  simple  solid  state  reactions 
involving  Fe203  and  either  B203  or  H3B03  at 
temperatures  ranging  from  670-800°C  and  860-900°C  for 
FeB03  and  Fe3BOe  respectively.  FeB03  crystallizes  in 
the  calcite  structure,  comprised  of  B03  and  comer  shared 
Fe06  units  (Fig.l).  Above  800°C,  FeB03  tranforms  to 
Fe3B06,  exhibiting  the  norbergite  structure.  The  latter  is 
similar  to  olivine,  in  that  it  has  hep  packing  of  oxygen 
with  both  comer  and  edge  shared  Fe06  octahedra  and 
B04  tetrahedra  (Fig.l),  but  it  possesses  a  different 
ordering  of  the  cations. 

The  first  few  cyles  at  lLi/lOh  are  shown  on  Figure  2 
within  a  3.1-0.8V  potential  window.  Lithium  uptake  in 
both  materials  appears  to  correspond  to  reduction  from 
Fe3+  to  iron  metal.  In  FeB03,  the  amorphous  material 
that  results  on  reduction  exhibits  cycling  behavior 
characterized  by  a  reversible  phase  transition  at  1.6V.  By 
contrast,  Fe3B06  shows  a  smooth  decrease/increase  of 
the  potential  corresponding  to  a  single  phase  process  that 
is  centered  at  1 .25V.  Accordingly,  the  average  potential 
on  oxidation  is  higher  for  FeB03  (2V)  than  for  Fe3B06 
(1.6V).  After  the  first  cycle,  this  system  shows  a  fairly 
good  cyclability  (Fig.  3)  by  comparison  to  that  obtained 
for  iron  oxides  such  as  a-Fe203.  Since  the  reversible 
capacity  for  Fe3B06  (480mAh/g)  is  much  higher  than 
that  shown  by  FeB03  (260  mAh/g),  our  main  interest 
resides  in  optimization  of  its  electrochemical  properties 
as  an  negative  electrode  material.  As  shown  on  Figure  3, 
the  electrochemical  perfomance  of  Fe3B06  is  better  when 
H3B03  is  used  rather  than  B203  as  the  iron  precursor  or 
when  the  depth  of  discharge  is  limited  to  0.8  V  rather  than 
0.2V.  In  every  case,  the  cyclability  is  much  better, 
however,  than  that  obtained  for  a-Fe203  .  In  order  to 
reduce  the  grain  size,  we  have  synthesized  particles  of 
Fe3B06  (0<1OO  nm)  from  a  freeze-dried  precursor  (a- 
Fe203)  at  temperatures  as  low  as  600°C.  These  results 
will  be  discussed  along  with  the  electrochemical 


behavior  as  a  function  of  the  potential  window  limits  and 
the  galvanostatic  regime,  as  well  as  the  influence  of 
dopant  ions  (Al3+,  V3+  and  Mn3+)  ions. 


Fig.  1  :  Crystal  structures  of  calcite, 
FeBOj  ( top)  and  norbergite,  Fe3B06  (bottom). 
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Fig.  2  Galvanostatic  cycling  of  FeB03  and  Fe3B06  at 
ILi/lOh. 


Fig.  3  Reversible  capacity  vs  cycle  number  for  iron 
borates  and  oxides  at  a  ILi/lOh  rate. 
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State-of-the-art  lithium-ion  batteries 
commonly  use  graphite  as  the  anode  of  choice. 
Although  graphite  works  well,  it  delivers  much 
of  its  capacity  close  to  the  potential  of  metallic 
lithium;  therefore,  safety  concerns  related  to 
overcharging  individual  cells  still  persist  and 
have  warranted  further  research  to  find 
alternative  anode  materials.  Recent  research  has 
included  studies  of  tin  oxide  glass  composite 
systems  and  intermetallic  anodes  that  operate  by 
a  "matrix”  effect  in  which  a  chemical  breakdown 
of  the  initial  anode  structure  occurs  on  lithiation, 
to  create  an  "active"  intermetallic  phase  within 
an  "inactive"  matrix.  The  inactive  matrix 
absorbs  some  of  the  volume  expansion  usually 
associated  with  the  lithiated  intermetallic  phase, 
thus  aiding  cycle  life;  however,  many  of  these 
systems  show  unacceptably  high  irreversible 
capacity  losses. 

In  our  recent  work,  we  have  initiated 
investigations  on  a  new  class  of  mixed-metal 
intermetallic  anode  materials  with  NiAs-  and 
zinc-blende-type  structures  [1,2].  We  have 
found  that  lithium  can  react  with  the 
intermetallic  anode  to  form  ternary  compounds 
without  segregation  of  the  metal  components 
from  their  structures.  In  these  structures,  it  is 
possible  to  substitute  the  metal  atoms  in  the 
framework  with  others,  thereby  allowing  the 
possibility  of  tailoring  the  electrochemical 
potential  of  the  electrode. 

We  first  studied  the  Li-Cu-Sn  system 
because  we  noticed  that  there  existed  a 
crystallographic  relationship  between  Cu6Sn5 
and  a  lithiated  copper-tin  phase,  Li2CuSn 
(LhoCusSnj),  in  which  the  Cu:Sn  ratio  was  close 
to  that  in  Cu6Sn5.  The  structures  of  Cu6Sn5  and 
Li2CuSn  are  shown  in  Figures  1  and  2.  The 
"LixCu6Sn5"  system  yields  an  electrochemical 
potential  close  to  400  mV  vs.  Li  and  delivers  a 
capacity  of  approximately  200  mAh/g  [1].  X-ray 
diffraction  data  and  structural  modeling  provide 
evidence  that  lithium  is  initially  inserted  into  the 
interstitial  sites  of  the  NiAs-type  lattice; 
thereafter,  a  two-phase  transformation  takes 
place,  during  which  the  electrode  transforms 
from  the  NiAs-type  structure  to  a  zinc  blende 
(ZnS)  type  structure. 


Figure  1.  An  (001)  projection  of  the  structure  of 
Cu6Sn5 


Figure  2.  A  (110)  projection  of  the  structure  of 
Li2CuSn. 

Insights  from  structural  observations  on 
Li*Cu$Sn5  prompted  investigations  of  zinc- 
blende  type  structures,  such  as  InSb,  that  show 
electrochemical  properties  superior  to  the  NiAs- 
type  structures  [2],  In  this  presentation  we  will 
report  on  further  structural  features  of  these 
electrodes  and  on  their  reaction  mechanisms,  as 
gathered  from  X-ray  diffraction,  Mossbauer 
spectroscopy,  and  structural  predictions  from 
first  principles  calculations. 
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Various  research  activities  aim  at  the 
minimization  of  the  irreversible  losses  of  capacity 
associated  with  the  formation  of  the  SEI  on  carbon 
anodes.  Basically  the  SEI  can  be  described  as  film 
consisting  of  electrolyte  decomposition  products 
"plated"  on  the  carbon  surface.  Apart  from  the  well 
known  effects  of  electrolyte  variations  on  the  SEI 
properties,  recent  works  have  been  focussed  also  on 
the  optimization  of  the  anode  performance  by  proper 
(surface)  pre-treatment  of  the  carbon  material. 

In  this  contribution  we  present  results  on  graphitic 
carbons,  which  have  been  treated  with  different  gases 
at  elevated  temperatures.  We  have  used  a  special  two- 
step  pre-treatment  procedure  (Fig.  1),  which  allows  a 
quite  selective  and  systematic  modification  of  the 
carbon  surface.  In  the  first  step  the  surface  groups  of 
the  pristine  carbon  prevalently  containing  oxygen- 
groups  such  as  carboxyl-  or  hydroxyl-groups  are 
removed  at  a  certain  temperature  Tj  for  a  certain  time 
t]  ("outgassing").  Afterwards,  the  "cleaned"  graphite 
surfaces,  which  can  be  anticipated  to  be  highly 
reactive  ("dangling  bonds”)  are  exposed  to  gases, 
such  02,  C02,  NH3,  S02,  etc.  ("gas  treatment")  at  a 
temperature  T2  for  a  time  t2.  T2  and  t2  may  vary 
considerably  from  Tj  and  tj.  The  separation  of  the 
outgassing  step  and  the  gas  treatment  step  allows  to 
change  several  treatment  parameters  independently 
from  each  other,  and  thus  increases  the  chances  for 
"tailoring"  the  carbon  surface. 

The  carbon  samples  [for  examination  we  were 
using  graphite  TIMREX®  SFG  44  (TIMCAL  AG)] 
were  heated  in  vacuo  or  under  Ar-atmosphere  in  an 
electric  furnace  (quartz  tube)  at  various  temperatures 
T|  =  1000  °C  for  t]  =  1  h.  Immediately  afterwards  the 
treated  carbons  were  exposed  to  the  gaseous 
reactants.  Here  we  concentrate  on  02-  and  C02- 
treatment.  (The  gas  treatment  temperatures  T2  and 
treatment  times  t2  are  given  in  Table  1). 

As  a  result  from  the  treatment  procedure,  "new" 
carbon  surfaces  with  different  surface  chemistry  and 
morphology  are  formed,  which  also  show  different  - 
in  several  cases  improved  -  anode  performance  in  the 
electrochemical  experiments  with  comparison  to  the 
original  (untreated)  graphite  (Table  1).  Morphology 
changes  have  been  determined  with  field  resolution 
electron  microscopy  (F-REM).  Even  very  mild 
treatments  have  caused  some  burn-off  of  carbon,  in 
particular  at  the  highly  sensitive  prismatic  surfaces  of 
the  graphite.  Graphites  with  roughened  ("nano¬ 
rough")  prismatic  surfaces  show  a  significantly 
improved  anode  performance  (cf.  Table  1).  Simple 
outgassing  in  Ar  (without  subsequent  gas  treatment) 
does  not  change  the  surface  morphology  very  much 
and  also  does  not  improve  the  electrochemical 
performance. 
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Fig.  1.:  Two-step  pre-treatment  of  carbon  surfaces. 

Table  1:  Charge/discharge  performance  of  TIMREX® 
SFG  44  (a)  before  and  (b)  after  outgassing  in  Ar  at 
1000  °C,  (c)  after  outgassing  in  Ar  at  1000  °C  and 
subsequent  gas  treatment  with  02  at  T2  =  420  °C  for  t2 
=  15  min,  and  (d)  after  outgassing  in  Ar  at  1000  °C 
and  subsequent  treatment  with  C02  at  T2  =  1000  °C 
for  t2  =  15  min,  i  =  ±20  mA  g'1,  cut-off  =  0.024/2.0  V 
vs.  Li/Li+. 


(a) 


(b) 


(c) 


(d) 


[1]  H.  Buqa,  M.  Winter,  B.  Evers,  R.  Blyth, 
M.  Ramsey,  F.  Netzer,  and  J.  O.  Besenhard, 
GDCh-Monographie,  12,  619  (1998) 
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Schneider,  G.  H.  Wrodnigg,  F.  P.  Netzer,  R.  I.  R. 
Blyth,  M.  G.  Ramsey,  P.  Golob,  F.  Hofer,  C. 
Grogger,  W.  Kern,  R.  Saf  and  J.  O.  Besenhard, 
ITE  Batt.  Lett.  1(2),  129  (1999) 
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XPS  studies  on  the  chemical  composition  of  the 
surface  of  these  graphite  materials  will  be  presented 
in  a  different  paper  at  this  meeting  (see  paper  by 
R.I.R.  Blyth  et  al.). 


Work  has  been  supported  by  the  Austrian  Science 
Funds  in  the  „Electroactive  Materials"  special 
research  program.  We  thank  the  Timcal  group 
(Bodio,  Switzerland)  and  Merck  (Darmstadt, 
Germany)  for  the  donation  of  samples  used  in  this 
study. 


Abstract  No.  121 

Surface  Modification  of  Graphite  Anodes  by 
Combination  of  High  Temperature  Gas-Treatment 
and  Silylation  in  Nonaqueous  Solution 


M.  V.  Santis  Alvarez',  H.  Buqa1,  Ch.  Grogger3, 

J.  O.  Bcsenhard',  and  M.  Winter' 

1  Institute  for  Chemical  Technology  of  Inorganic 
Materials,  Graz  University  of  Technology, 
Strcmayrgasse  16,  A- 80 10  Graz,  Austria, 

2  Institute  for  Inorganic  Chemistry,  Graz  University  of 
Technology,  A-80I0  Graz,  Austria 

The  surface  of  graphite  is  characterized  by  several 
parameters,  such  as  surface  area,  chemical  composition 
[surface  groups  (-COH,  -COOH,  etc.)],  surface 
morphology,  etc.  Appropriate  surface  modification  of 
graphitic  carbons  is  a  useful  measure  to  improve  the 
carbon  anode  performance  in  the  lithium  ion  battery.  We 
developed  a  two-step  gas-treatment  procedure,  which 
allows  to  modify  the  above  carbon  surface  parameters 
quite  selectively.  The  process  involves  a  "pre-cleaning‘' 
step  in  inert  Ar  atmosphere  at  elevated  temperatures,  in 
which  the  original  surface  groups  are  (partially)  removed. 
Then,  the  cleaned  carbon  surfaces  are  exposed  to 
(reactive)  gaseous  partners,  e.g.,  02,  C02,  etc.  at  a  certain 
temperature  and  for  a  certain  time  (see  [  1  ]  and  paper  by 
H.  Buqa  et  al.  at  this  meeting). 


We  studied  the  effect  of  chemical  surface  modification 
of  graphites  with  silanes  in  nonaqueous  solution  on  the 
anode  performance.  By  way  of  example,  here  we  show 
results  on  TIMREX®  SFG  44  graphites.  For  silylation  we 
used  the  procedure  reported  in  ref.  [2],  employing  a  10/1 
(by  volume)  mixture  of  hexamethyldisilazane  (HMDS) 
and  tri methyl  chlorosilane  (TMCS).  The  HMDS  reacts 
with  hydroxyl-containing  surface-groups  of  the  graphite 
material  (hereafter  abbreviated  to  ROH)  whereby 
ammonia  is  eliminated  (equation  1).  The  addition  of  the 
effective  silyl  donor  TMCS  increases  the  degree  of 
silylation  (equation  2).  Hence,  apart  from  the  silylated 
surface  group  (ROSiMe3)  the  complete  reaction  (equation 
3)  yields  NH4Ci  as  further  product. 

2  ROH  +  Me3SiNHSiMe3  ->  2  ROSiMe3  +  NH3  (1) 

ROH  +  Me3SiCl  ROSiMe3  +  HC1  (2) 

3  ROH  +  Me3SiNHSiMe3  +  Me3SiCl 

->  3  ROSiMe3  +  NH4C1  (3) 

Whereas  the  silylation  of  the  pristine  (untreated) 
graphite  (Table  la  and  lb)  causes  no  significant  change  in 
the  discharge  capacities  and  the  discharge/charge 
efficiencies,  silylation  after  long-term  pre-oxidation  in 
oxygen  considerably  improves  the  efficiencies,  not  only 
in  the  first  but  also  in  the  later  cycles  (Table  Id).  This  is 
evidently  not  due  to  the  pre-oxidation  step,  which  yields 
even  worse  performance  compared  to  the  untreated 
graphite,  both  with  respect  to  discharge  capacities  and 
with  respect  to  efficiencies  (Table  la  and  lc).  For  an 
optimum  anode  performance  the  oxidative  pre-treatment 
and  the  silylation  procedure  have  to  be  carefully 
coordinated  with  respect  to  each  other. 


The  improved  or  worsened  anode  performance  might 
be  due  to  the  change  (i)  of  the  surface  chemistry,  (ii)  of 
the  surface  area  and  morphology,  and/or  (iii)  of  the 
wettability  of  the  samples  with  electrolyte  (the  silylated 
surfaces  are  highly  lyophobic).  One  might  also  speculate 
that  the  silylated  surfaces  offer  more  favorable  anchoring 
sites  for  the  solid  electrolyte  interphase  film. 

In  this  contribution,  the  influence  (i)  of  different  gas 
pre-treatment  according  to  the  above  concept,  (ii)  of 
different  silylation  procedures,  e.g.,  by  changing  the 
silanes  and  (iii)  of  different  carbon  materials,  e.g., 
changing  from  "standard"  synthetic  graphite  powder  to 
expanded  graphites  will  be  discussed.  Finally,  aqueous 
oxidative  pre-treatments,  e.g.,  in  aqueous  HN03l  will  be 
compared  with  the  oxidative  gas  pre-treatments. 


Table  1:  Charge/discharge  performance  of  TIMREX® 
SFG  44  synthetic  graphite:  (a)  untreated,  (b)  untreated 
and  silylated,  (c)  after  outgassing  in  Ar  and  subsequent 
treatment  with  02  at  420  °C  for  60  h,  and  (d)  after 
outgassing  in  Ar,  treatment  with  02  at  420  °C  for  60  h  and 
silylation.  i  =  ±20  mA  g'1,  cut-off  =  0.024/2.00  V  vs. 
Li/Li+. 
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Lithium-ion  rechargeable  battery  incorporates  a 
lithiated  metal  oxide  (typically  LiCo02)  as  the  positive 
electrode,  carbonous  materials  as  the  negative  electrode, 
and  an  organic  lithium-ion  conducting  electrolyte  (1). 
Various  type  of  carbon  has  been  investigated  extensively  as 
the  anode.  Among  them,  carbon  nanotube  is  attracting  a 
much  attention  because  of  its  high  capacity.  In  the 
previous  study,  the  authors  investigated  the  Li  intercalation 
capacity  of  carbon  tubes  obtained  by  CH4  decomposition 
with  Ni  catalyst  (2).  It  was  found  that  carbon  tube  obtained 
by  CH4  decomposition  exhibited  a  large  capacity  for  Li 
intercalation,  which  is  higher  than  200  mAh/g.  However, 
the  relationship  between  Li  intercalation  capacity  and 
synthesis  condition  is  not  thoroughly  made  clear. 

Carbon  tube  was  synthesized  by  using  a  conventional 
fixed  bed  reactor.  Ni  catalyst  was  always  used  as  a  catalyst 
for  CH4  decomposition.  After  reaction,  Ni  was  separated 
from  carbon  tube  by  dissolving  with  HF  acid  solution.  Li 
intercalation  capacity  was  measured  with  applying  a 
constant  current  of  0.4  mA/cm2.  Li  metal  was  always  used 
as  a  counter  electrode.  Organic  electrolyte  of  EC:DMC=1:2 
was  always  used  for  electrolyte. 

XRD  pattern  of  the  obtained  carbon  tube  was  always  the 
typical  diffraction  pattern  from  graphitic  carbon.  Therefore, 
the  large  part  of  the  obtained  carbon  was  graphitic  carbon, 
although  the  decomposition  temperature  of  CH4  was  as  low 
as  673  K.  Observation  with  TEM  confirmed  that  the 
obtained  graphite  was  tubular  of  which  average  diameter 
was  20  nm  and  thickness  of  wall  was  around  5  nm.  It  was 
found  that  the  size  and  crystallization  of  tubular  carbon 
was  strongly  dependent  on  the  synthesis  condition,  in 
particular,  reaction  temperature  and  contact  time  of  CH4. 
The  capacity  for  Li  intercalation  increased  with  increasing 
the  decomposition  temperature  and  it  attained  the  maximum 
at  973  K.  Therefore,  the  optimum  reaction  temperature  for 
CH4  decomposition  seems  to  exist  at  973  K. 

Figure  1  shows  the  initial  and  reversible  capacity  for  Li 
intercalation  as  a  function  of  contact  time  of  CH4  on  Ni 
catalyst.  It  is  clear  that  both  initial  and  reversible  capacity 
increased  with  increasing  contact  time  and  it  attained  to  a 
constant  value  at  W/F  larger  than  100  g-cat.h/mol.  In 
Raman  spectroscopy,  two  absorption  peaks  at  around  1350 
and  1570  cm'1,  which  could  be  assigned  to  amorphous  and 
graphitic  carbon  respectively,  were  observed.  Since  the 
intensity  ratio  of  these  two  peaks,  Ii35o/Ii57o»  decreased  with 
increasing  contact  time,  the  content  of  graphitic  carbon 
seems  to  be  improved  by  increasing  contact  time. 
Therefore,  it  seems  likely  that  the  formation  rate  of 
graphitic  carbon  was  rather  slow  and  it  is  expected  that  the 
formation  of  amorphous  carbon  can  be  suppressed  at  a  slow 
feed  rate  of  CH4.  Consequently,  the  capacity  for  Li 
intercalation  increased  with  increasing  constant  time  of 
CH4.  The  initial  and  reversible  capacity  for  Li  intercalation 


were  attained  to  a  value  of  430  and  320  mAh/g,  respectively 
at  the  contact  time  higher  than  100  g-cat.h/mol. 

The  cycle  stability  of  the  carbon  tube  obtained  at 
W/F=400  g-cat.h/molwas  further  measured.  Figure  2 
shows  the  capacity  for  Li  intercalation  as  a  function  of 
cycle  number.  Although  the  large  irrversible  capacity  was 
observed  at  first  cycle,  coulomb  efficiency  was  always 
almost  100  %  after  second  cycles.  Both  intercalation  and 
de-intercalation  capacity  decreased  gradually  with 
increasing  the  cycle  number.  However,  after  50  cycles,  the 
intercalation  capacity  of  270  mAh/g  was  still  sustained. 
Therefore,  it  can  be  said  that  the  carbon  tube  obtained  by 
CH4  decomposition  is  attractive  as  the  anode  for  Li 
rechargeable  battery. 
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Fig.l  Charge  and  discharge  capacity  for  Li  intercalation  as 
a  function  of  contact  time  of  CH4  on  Ni  catalyst  during 
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Fig.2  Capacity  for  Li  intercalation  into  graphitic  carbon 
tubes  as  a  function  of  cycle  number. 
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Li  ion  rechargeable  batter)'  is  currently  absorbing  a 
much  interest  as  an  electric  source  for  mobile  electric 
equipment.  At  present,  Li  rechargeable  battery  uses  an 
organic  lithium-ion  conducting  electrolyte,  mainly,  ethylene 
carbonate-dimethyl  carbonate  (EC-DMC)  dissolving  LiPF6. 
This  electrolyte  exhibits  a  high  electrical  conductivity  at 
high  temperature.  However,  application  of  propylene 
carbonate  based  system  for  electrolyte  has  an  advantage  in 
improving  the  performance  of  the  Li  ion  battery  at  low 
temperature.  However,  propylene  carbonate  is  easily 
decomposed  on  carbon  anode  so  that  the  irreversible 
capacity  became  large  when  propylene  carbonate  based 
system  is  used  for  electrolyte  (1).  In  the  present  study,  the 
authors  investigated  the  anodic  performance  of  graphitic 
carbon  nanotube  in  propylene  carbonate  based  electrolyte. 

It  is  well-known  that  larger  surface  area  of  carbon  anode 
easier  decomposes  electrolyte  and  accelerates  the  formation 
of  so-called  “SEI  (Solid  Electrolyte  Interface)”.  Therefore, 
the  irreversibility  capacity  for  Li  intercalation  became  larger 
with  increasing  surface  area  of  carbon  anode.  On  the  other 
hand,  in  spite  of  a  fairly  large  surface  area  like  30  m2/g, 
graphitic  carbon  nanotube  obtained  by  the  decomposition  of 
CH4  on  Ni  catalysts  exhibits  a  large  capacity  for  Li 
intercalation  of  ca.  300  mAh/g  (2).  Consequently,  it  is 
anticipated  that  the  graphitic  carbon  nanotube  obtained  by 
decomposition  of  CH4  is  usable  for  the  anode  of  Li  ion 
battery  utilizing  propylene  carbonate  based  electrolyte. 

Carbon  tube  was  synthesized  by  using  a  conventional 
fixed  bed  reactor  at  973  K.  Ni  catalyst  was  always  used  as  a 
catalyst  for  CH4  decomposition.  After  reaction,  Ni  was 
separated  from  carbon  nanotube  by  dissolving  with  HNOj 
acid  solution.  Li  intercalation  capacity  was  measured  with 
applying  a  constant  current  of  0.4  mA/cm2.  Li  metal  was 
always  used  as  a  counter  electrode. 

Figure  1  shows  the  charge-discharge  curves  of  the 
carbon  nanotube  in  propylene  carbonate  (PC)-dimethyl 
carbonate  (DMC)  electrolyte  system.  In  similar  manner 
with  the  bulk  graphitic  carbon,  decomposition  of 
electrolyte  was  observed  and  it  became  significant  with 
increasing  the  content  of  propylene  carbonate.  At  the 
propylene  carbonate  content  higher  than  30  vol%,  large 
plateau  in  charge-discharge  curve,  which  might  correspond 
to  the  decomposition  of  electrolyte,  was  observed  at  0.5  V. 
However,  at  the  content  of  propylene  carbonate  of  25  vol%, 
there  is  no  significant  peak  observed  at  0.5  V.  In  addition, 
capacity  for  Li  intercalation  and  de-intercalation  were  402 
and  284  mAh/g,  respectively.  Therefore,  it  can  be  said  that 
PC-DMC  system  can  be  used  as  electrolyte  if  the  content  of 
PC  was  smaller  than  25  vo!%. 


Figure  2  shows  the  cycle  stability  of  Li  intercalation 
capacity  of  graphitic  carbon  in  PC-DMC(1:3)  electrolyte.  It 
is  clear  that  the  fairly  large  capacity  for  Li  intercalation  was 
stably  exhibited  after  40  charge  and  discharge  cycles. 
Although  a  large  irreversible  capacity  was  observed  at  the 
first  cycle,  almost  100  %  coulomb  efficiency  was  always 
exhibited  in  the  following  cycles.  Therefore,  after  SEI 
formation  at  the  initial  few  cycles,  intercalation  of  Li  into 
graphitic  carbon  tube  was  highly  reversible  even  in  PC 
based  electrolyte. 

This  study  revealed  that  graphitic  carbon  tube  obtained 
by  decomposition  of  CH4  exhibits  a  large  capacity  for 
reversible  Li  intercalation  in  PC  based  electrolyte  if  the 
content  of  PC  is  smaller  than  25  %. 
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Fig.l  Charge-discharge  curves  of  the  carbon  nanotube  in 
propylene  carbonate  (PC)-dimethyl  carbonate  (DMC) 
electrolyte  system. 


Fig. 2  Cycle  stability  of  Li  intercalation  capacity  of  graphitic 
carbon  in  PC-DMQ 1 :3)  electrolyte. 
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To  achieve  high  charge/discharge  currents  without 
significant  loss  of  capacity  is  a  significant  challenge  for 
many  lithium  or  lithium-ion  battery  electrodes  [1].  This  is 
particularly  a  problem  for  materials  that  are  poor 
electronic  or  ionic  conductors,  such  as  V205,  and  many 
materials  that  fall  into  the  new  class  of  “polyanionic” 
structures  such  as  LiFeP04  or  V0P04. 

In  an  attempt  to  address  the  above  problem,  we  have 
developed  a  nanostructured  composite  which  is  based  on 
the  coating  of  the  active  materials  on  functionalized 
carbon  black.  In  this  composite,  the  incorporated  carbon 
supports  the  thin  layer  of  surface-coated  active  material. 
The  functional  coating  acts  to  bind  the  active  material  to 
the  surface  and  provide  good  contact.  We  have  applied 
this  approach  to  several  active  materials. 

As  proof-of-concept,  we  have  first  investigated  V205 
coated- functionalized  carbon  black  as  the  cathode  in  a 
lithium  battery.  V205  is  a  well-known  cathode  material 
that  has  somewhat  limited  conductivity.  The  composite 
was  prepared  using  a  sol-gel  method  [2]  to  coat  the  V205 
on  the  functionalized  carbon  black  (V205@CF),to  give  a 
composite  18  wt%  in  carbon.  For  comparison,  we  also 
coated  V2Os  on  unfunctionalized  carbon  black  (V2(>5@C). 

Fig.  1  shows  the  first  cycles  of  V205  xerogel, 
V205@C,  and  V205@CF.  V205  gel  yielded  an  initial 
capacity  of  185  mAh/g,  and  very  significant  irreversibility 
(~  1 5%).  V205@C  showed  a  significant  improvement  of 
capacity  (240  mAh/g)  and  a  decrease  of  the  irreversible 
component  (~  9%).  The  best  results  were  obtained  for 
V205@CF,  with  a  capacity  of  320  mAh/g  and  negligible 
irreversibility. 

Capacities  vs.  current  densities  for  the  three  samples 
are  shown  in  Fig.  2.  The  capacity  of  V2Os  gel  decreased 
rapidly  upon  increasing  the  current  density;  for  example, 
a  capacity  of  only  -30  mAh/g  was  available  at  a  rate  of 
500  mA/g  (-3.5C).  The  nanostructured  composite, 
however,  can  sustain  a  200-fold  increase  in  the  current 
density  while  maintaining  almost  the  same  capacity  as  the 
initial  capacity  of  V205  xerogel.  Thus,  V2Os@CF  at  a 
current  of  2000  mA/g  (~14C)  yields  a  capacity  of  190 
mAh/g.  This  new  nanostructured  composite  is  very 
suitable  for  high  current  (power)  applications. 

Cycling  behavior  of  the  materials  are  illustrated  in 
Fig.3.  After  100  cycles,  68%  of  the  initial  capacity  was 
maintained  for  V2Os  gel.  V205@C  showed  improved 
cycling  stability  (82%  after  100  cycles).  V205@CF 
posseses  excellent  stability  with  less  than  10%  capacity 
loss  after  100  cycles. 

In  conclusion,  the  nanostructured  composite  can 
sustain  much  higher  capacities,  with  better  stability,  at 
significantly  higher  rates  than  V2O5  xerogel.  The 
applications  of  this  method  to  potentially  useful  cathode 
materials  which  are  limited  by  very  low  conductivity  such 
as  VOPO4  will  also  be  discussed. 


[2]  Livage  J.  Solid  State  Ionics,  50,  307  (1992) 
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Fig.  1  First  discharge/charge  sweep  for  V205  xerogel, 
V205@C,  and  V205@CF  (10  mA/g;  3.8-1 .8  V) 
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Fig.  3  Cycling  stability  of  V205  xerogel  (100  mA/g), 
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Intermetallic  compounds  such  as  Ti'-Cu6Sn5  and 
InSb  that  have  NiAs  and  ZnS  (zinc  blende)  structure 
types,  respectively,  exhibit  promising  electrochemical 
properties  as  anodes  for  lithium-ion  batteries  [1,2].  These 
materials  provide,  in  practice,  moderate  gravimetric 
capacities  (200-300  mAh/g)  that  translate  into  large 
volumetric  capacities  (>  1000m Ah/ml)  because  of  their 
high  densities.  Our  studies  of  T)'-Cu6Sn5  show  that  the 
NiAs-type  structure  acts  initally  as  a  host  for  lithium,  but 
that  during  lithium  insertion,  one-half  of  the  tin  atoms  are 
displaced  in  a  topotactic  (two-phase)  reaction  to  yield  a 
LijCuSn-type  structure  in  which  the  copper  and  tin  atoms 
adopt  a  zinc-blende  configuration  [I].  Further  lithiation 
causes  a  breakdown  of  the  Li2CuSn  structure  into  Cu  and 
lithiated  Sn,  Li.Sn  (0<x<4.4).  By  contrast,  our 
preliminary  work  on  InSb  has  indicated  that  the  zinc- 
blende  framework,  which  contains  a  three-dimensional 
space  for  lithium,  remains  essentially  intact  on  lithiation 
to  an  approximate  composition  Li2InSb  [2].  Thereafter, 
In  is  extruded  from  the  lattice  to  provide  a  Li24,In,..Sb 
phase  that  reaches  the  composition  Li3Sb  at  x=l.  The 
cubic  unit  cell  of  InSb  expands  by  only  5.6%  on  full 
lithiation  to  Li3Sb. 

We  have  compared  the  differences  in 
electrochemical  behavior  of  intermetallic  electrodes  based 
on  NiAs  and  zinc-blende  type  structures.  Our  studies 
have  included  analyses  of  rate  capability,  impedance  and 
elevated  temperature  operation.  For  example,  Figure  1 
shows  the  typical  cyclic  voltammograms  (CV's)  of  r|'- 
Cu4Sn5  (-— )  and  InSb  (-D-)  electrodes  obtained  from 
separate  Li  cells.  It  is  immediately  clear  from  the  large 
peak  separation  in  the  CV  data  (-— )  that  the  reaction 
kinetics  associated  with  Li  extraction  from  the  T|'- 
Li.Cu6Sn}  electrode  (Li2CuSn-type  structure)  are 
substantially  inferior  to  Li  extraction  from  the  Li.InSb 
electrode.  The  cycling  voltage  hysteresis  in  the  copper- 
tin  system  can  be  attributed  to  the  displacement  of  the  tin 
atoms  during  the  phase  transition  from  the  lithiated  zinc- 
blende-type  structure  to  the  NiAs-type  structure.  By 
contrast,  the  Li.InSb  maintains  its  zinc-blende  framework 
upon  Li  insertion  and  extraction,  at  least  over  the  range 
0<x<2. 

The  impedance  of  Li/Cu6Sn5  and  Li/InSb  cells  is 
lowered  markedly  after  the  initial  reaction  with  lithium 
and  on  further  cycling.  This  improvement  is  believed  to 
be  attributed  to  two  factors:  1)  a  break-up  of  the 
electrode  structures,  particularly  at  high  lithium  loadings 
and  the  generation  of  finely  divided  metal  particles  (e.g., 
Cu,  In)  in  the  cycled  electrodes,  and  2)  an  increase  in  the 
electronic  conductivity  of  the  intermetallic  electrode  as 
more  lithium,  and  hence  electrons,  are  added  to  the 
structures.  The  improvement  in  cell  impedance  is  clearly 
evident  in  the  Nyquist  plots  for  a  delithiated  electrode 
(Li.InSb;  0<x<l)  obtained  at  1.2  V,  compared  to  a 
lithiated  Li^.In^.Sb  electrode  obtained  at  0.2  V.  Results 


show  that  in  the  lithiated  electrode  the  interfacia!  charge 
transfer  resistance  is  approximately  six-times  lower  than 
in  the  delithiated  electrode  and  that  the  Li  diffusion  is  4  to 
5-times  higher. 

In  particular,  InSb  electrodes  show  a  remarkable 
rate  capability  due  to  their  good  electrical  properties. 
These  electrodes  can  easily  deliver  >250  mAh/g  or  >1400 
mAh/cc  at  a  current  density  of  2.4  mA/cm2  with  excellent 
coulombic  efficiency. 
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Benchmark  Study  on  High  Performing 
Carbon  Anode  Materials  C.  Lampe-Onnerud 
,  J.  Shi,  B.  Barnett,  P.  Onnerud  Arthur  D. 
Little,  Inc.  Acorn  Park,  Cambridge,  MA 
02140,  USA  As  lithium-ion  batteries  are 
dominating  the  portable  power  industry  for 
laptop  computers  and  mobile  telephones 
today,  there  is  a  renewed  interest  in  refining 
the  basic  chemistry  and  process  parameters 
in  order  to  bring  new  and  improved  products 
to  the  market  place.  We  believe  that  there 
are  opportunities  for  major  gains  in  capacity 
and  high  rate  capability  in  the  near  future. 
Major  improvements  need  to  come  from 
both  a  systems  perspective,  in  which  both 
active  materials  properties  and  advanced 
process  knowledge  are  utilized,  and  from  an 
in-depth  knowledge  on  properties  that  define 
performance  on  a  component  level.  This 
presentation  will  focus  on  the  active  carbon 
anode  material  and  its  dependence  on 
formulation.  In  assessing  the  active  carbon 
material,  several  properties  need  to  be 
considered  as  they  define  many  of  the  key 
performance  attributes  of  the  lithium-ion 
battery.  The  surface  termination  and 
morphology  of  the  active  material  play 
crucial  roles,  both  in  selecting  other  battery 
components  and  in  determining  the  extent  of 
improvements  that  subsequent  processing 
can  allow.  For  example,  identical  slurries  of 
active  material,  carbon  additive,  binder,  and 
solvent  system,  may  yield  quite  different 
results  as  the  coating  parameters  are  varied. 
The  performance  is  greatly  dependent  on 
slurry  formulations  and  coating  processes. 
Each  graphite  material  therefore  has  to  be 
optimized  with  regards  to  slurry  composition 
and  processing  settings  in  manufacturing 
and  a  wide  range  of  parameters  have  to  be 
considered  in  this  optimization.  The  ratio 
between  the  active  carbon  and 
binder/conductive  carbon  compositions  is 
not  only  critical  to  the  battery  performance 
but  also  to  the  utilization  of  the  active 
material.  We  are  reporting  new  results  that 
show  some  of  the  complexity  in  making 
high-quality  electrodes  and  will  include 
results  based  on  several  types  of  graphite 
materials  ranging  from  mesophase  carbon 
fibers,  carbon  microbeads  (MCMB),  and 
graphite  flakes. 
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Effects  of  SEI  on  the  Kinetics  of  Lithium  Intercalation 
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Jet  Propulsion  Laboratory 

4800  Oak  Grove  Dr.,  Pasadena,  CA  91 109 

The  successful  operation  of  Li-ion  cells  is 
attributed  mainly  to  the  surface  films  on  carbonaceous 
anode  materials.  These  films  provide  the  much-needed 
kinetic  stability  to  the  electrolyte  species  even  at  the 
thermodynamically  reducing  anode  potential.  Unlike  the 
passive  films  on  valve  metals  or  in  primary  Li  cells,  the 
anode  films  in  Li  ion  cells  have  moderate  ionic  conductivity 
and  hence  termed  solid  electrolyte  interface. 

Understandably,  the  performance  of  the  anode  is 
dictated  largely  by  the  characteristics  of  SEI,  i.e.,  its 
resistance,  ability  to  prevent  further  electrolyte  reduction, 
amenability  to  charge  transfer  or  Li  intercalation  process 
and  to  some  extent  the  diffusivity  of  Li+  ions,  even  though  it 
is  difficult  to  distinguish  the  slow  diffusion  across  the  SEI 
from  the  slow  diffusional  process  within  the  bulk  anode. 
The  corresponding  performance  characteristics  of  Li-ion 
cells  that  would  be  affected  by  the  SEI  include  cycle  life, 
self-discharge,  rate  capability  and  low  temperature.  The 
characteristics  of  the  SEI  depend  on  several  factors  such  as 
the  nature  of  the  carbonaceous  material  and  electrolyte, 
temperature  and  mode  of  forming  the  SEI  (rate  and 
temperature). 

Our  recent  research  studies  at  JPL,  have  focussed 
on  enhancing  the  low  temperature  performance  of  Li-ion 
cells,  by  a  judicious  selection  of  electrolyte,  especially  the 
solvent  mixture.  The  characteristics  of  the  SEI  in  the 
selected-solvent  solutions  have  been  determined  in  three- 
electrode  cells  by  a  variety  of  electrochemical  techniques, 
such  as  ac  impedance,  DC  micro  polarization  and  Tafel 
polarization  at  various  temperatures.  These  measurements 
have  been  supported  by  charge-discharge  measurements  at 
different  temperatures  and  rates.  For  enhancing  the  low 
temperature  performance,  we  have  adopted  the  approach  of 
initially  optimizing  the  carbonate-based  electrolytes,  e.g., 
equi-proportion  mixture  of  ethylene  carbonate,  dimethyl 
carbonate  and  diethyl  carbonate'  for  achieving  the  desired 
SEI  and  later  the  use  of  quaternary  additives,  e.g.,  aliphatic 
esters  such  as  methyl  acetate,  ethyl  acetate,  ethyl  propionate 
and  ethyl  butyrate  that  have  relatively  poor  filming 
properties,  especially  with  low  molecular  weight  esters  and 
yet  form  highly  conducting  solutions  at  low  temperatures 
(Fig.  I).2  Also,  we  have  used  electrolyte  additives,  e.g., 
pyrocarbonates  (Fig.  2), 3  that  would  enable  the  formation  of 
suitable  SEI.  In  all  these  studies,  we  have  found  that  the 
interfacial  properties  are  more  critical  than  bulk  ion 
migration  processes  in  the  electrolyte  at  low  temperatures. 
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Fig.  1:  EIS  plots  of  graphite  anode  in  solutions  containing 
esters  as  quaternary  solvent  additive  at  -20°C. 
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Fig.  2:  EIS  plots  of  graphite  anode  in  solutions  containing 
pyrocarbonate  additives,  dimethyl  and  dibutyl 
pyrocarbonates  at  -20°C. 
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Introduction 

Lithium  metal  is  the  most  attractive  material  for 
the  negative  electrode  in  rechargeable  lithium  batteries 
because  of  its  high  energy  density;  however,  the  low 
cycling  efficiency  and  the  safety  problems  owing  to  its 
dendrite  formation  prevents  its  use  in  commercially 
available  cells.  Many  researchers  have  so  far  studied  the 
surface  morphology  of  deposited  lithium  and  the 
protecting  surface  film  in  various  electrolyte  systems. 
Scanning  electron  microscopy  (SEM)  has  been  mainly 
used  for  this  purpose;  however,  the  deposited  lithium  is  so 
reactive  that  the  surface  morphology  may  be  changed 
during  washing  residual  electrolyte  solution  and 
transferring  the  sample  to  the  sample  chamber  of  SEM. 
Atomic  force  microscopy  (AFM)  enables  us  to  observe 
surface  morphology  in  situ  in  liquid,  and  began  to  be  used 
to  observe  lithium  deposition  in  organic  electrolyte 
solutions. N3)  In  the  present  study,  we  observed  the 
morphology  of  lithium  deposited  on  nickel  substrate  in 
polyether  electrolyte  solution  at  elevated  temperatures  by 
in  situ  AFM.  The  morphology  of  the  deposits  at  elevated 
temperatures  was  compared  with  that  at  room  temperature, 
aiming  at  the  use  in  dry  polymer  batteries  at  elevated 
temperatures. 

Experimental 

In  situ  AFM  images  were  obtained  with  a 
PicoSPM  system  (Molecular  Imaging).  The  working 
electrode  was  mirror-polished  nickel  plate,  and  lithium 
was  deposited  at  constant  currents.  The  electrolyte 
solution  was  a  mixture  of  polyethylene  glycol)  dimethyl 
ether  (PEGDM)  and  lithium 

bis(perfluoroethysulfonyl)imide  (LiBETI, 

LiN(C2F5S02)2)  with  a  ratio  O/Li  =  25.  The  counter  and 
reference  electrodes  were  lithium  metal.  The  cell  was  set 
on  a  heating  sample  stage,  and  its  temperature  was 
controlled  with  a  temperature  controller.  All  experiments 
were  carried  out  in  an  argon-filled  glove  box  with  a  dew 
point  lower  than  -60°C. 

Results  and  Discussion 

First  we  observed  lithium  deposition  at  0.5  mA 
cm'2  at  room  temperature.  Fine  particles  of  lithium 
appeared  after  deposited  by  0.09  C  cm*2,  and  the  number 
of  the  particles  increased  with  an  elapse  of  time.  At  0.12 
C  cm'  ,  the  whole  surface  was  covered  completely  with 
the  particles.  Figure  1  shows  AFM  images  obtained  after 
deposited  by  0.3  C  cm'2.  The  surface  was  covered  with 
fine  particles  with  relatively  uniform  particles  200-300 
nm  in  diameter 

After  lithium  was  deposited  by  0.3  C  cm'  at 
room  temperature,  the  temperature  of  the  cell  was 
elevated  stepwise  and  the  morphology  changes  were 
observed.  At  70°C,  the  shape  of  the  deposited  particles 
began  to  change,  and  the  shape  of  the  particles  partly 
became  obscure  at  80°C  as  shown  in  Fig.  2. 

Figure  3  shows  AFM  images  after  deposited  by 
0.3  C  cm'2  when  lithium  was  deposited  at  0.5  mA  cm'2  at 
80°C.  The  particle  size  was  larger  than  that  deposited  at 


room  temperature,  and  the  crevices  between  the  large 
particles  seemed  to  be  filled  with  lithium  metal.  At 
elevated  temperatures,  surface  diffusion  of  lithium  is 
promoted,  which  may  have  resulted  in  the  observed 
changes  of  the  morphology  of  lithium  deposit. 
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Fig.  1.  AFM  images  of  lithium  deposited  on  Ni  (0.3  C 
cm'2)  in  LiBETI/PEGDM  at  room  temperature,  (a)  7  pm 
x7  pm.  (b)  3  pm  x  3  pm. 
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Fig.  2.  AFM  images  of  lithium  deposited  on  Ni  (0.3  C 
cm'2)  in  LiBETI/PEGDM  at  room  temperature,  followed 
by  heated  at  80°C.  (a)  7  Jim  x  7  nm.  (b)  3  pm  x  3  pm. 
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Fig.  3.  AFM  images  of  lithium  deposited  on  Ni  (0.3  C 
cm'2)  in  LiBETI/PEGDM  at  80°C.  (a)  7  pm  x  7  pm.  (b) 
3  pm  x  3  pm. 
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Introduction 

The  electrochemical  insertion  of  lithium  into  non- 
boronated  mesocarbon  microbeads  (MCMB)  has 
been  already  studied  [1],  The  promising  results 
encouraged  us  to  the  further  modification  of  the 
mesophase  carbon  by  boron  as  heteroatom. 

Boron  as  a  substitutional  element  in  the  carbon 
matrix  facilitates  graphitization,  improves  the 
oxidation  resistance  of  carbon,  the  mechanical 
stability  and  the  thermal  conductivity  [2-3]. 

Due  to  the  fact  that  boronated  carbon  has  electronic 
deficiency  we  can  expect  materials  with  better 
electron  acceptor  properties  without  any  large 
distortion  of  structure. 

Chemical  and  electrochemical  intercalation  of 
lithium  into  boronated  carbons  synthesized  by 
chemical  vapor  deposition  from  acetylene  and 
boron  trichloride  was  investigated  [4,  5].  However, 
even  if  the  amount  of  inserted  lithium  was 
enhanced,  an  aggravation  of  electrochemical 
characteristics  was  observed.  Our  target  was  to 
study  the  electrochemical  properties  of  differently 
boronated  mesophase  pitch  coke  during  the  lithium 
insertion/deinsertion  process  and  to  analyze  the 
effect  of  boron. 

Experimental 

Co-pyrolysis  of  a  filtered  coal  tar  pitch  with  the 
pyridine-borane  complex  has  been  performed  to 
obtain  boron  doped  carbon  following  the  method 
introduced  earlier  [3].  Above  120°C  the  pyridine- 
borane  complex  decomposes  into  highly  reactive 
boranc  BH(  which  reacts  as  a  Lewis  acid  catalyst 
for  polymerization  and  condensation  of  polynuclear 
aromatic  molecules.  Simultaneously,  a  hydro- 
boronation  of  aromatics  takes  places  forming  a 
boron-substituted  polyaromatic  mesophase. 

Our  experiments  pointed  out  that  the  efficiency  of 
the  carbonization  of  pitch  at  a  temperature  from 
400°C  to  450°C  for  0.5  h,  4h  or  6h  varied  from 
73%  to  82%,  being  higher  of  a  few  %  in  the  case  of 
boron  additive. 

During  carbonization  under  the  atmospheric 
pressure,  about  50%  of  boron  used  for  reaction  is 
in-built  in  the  structure  of  carbon.  The  final  product 
was  further  pyrolysed  at  700°C,  850°C  and  1000°C 
to  obtain  cokes  with  a  suitable  conductivity  for 
electrochemical  insertion  of  lithium. 


To  study  the  influence  of  boron  on  the  structure  of 
carbon,  the  boronated  semi-cokes  and  cokes  were 
characterized  by  X-ray  diffraction  (CuKJ. 

The  amount  of  boron  in  the  carbon  was  estimated 
by  ICP  emission  spectrometry. 


Optical  microscopy  was  used  to  image  the  isotropy 
of  the  carbon  material. 

Boron  doped  carbons  were  used  as  materials  for 
lithium  insertion  in  aprotic  medium:  1M  LiPF6  in 
(EC:DEC)  or  (EC:DMC).  Investigation  of  lithium 
insertion  has  been  performed  in  carbon/lithium  cells 
(two  electrode  swagelok  construction)  using  a 
multichannel  generator  Mac  Pile  II  (Biologic- 
France). 

Results-Discussion 

Non-homogenous  optical  texture  of  boronated 
carbon  with  a  less  developed  degree  of  anisotropy 
proved  a  strong  local  influence  of  boron  during  the 
polymerization  and  cross-linking  process  in  which 
boron  is  in-built  in  aromatic  layers.  Even  if  the  total 
amount  of  boron  ranges  only  between  1.7%  to  2.0% 
by  weight,  it  drastically  changes  the  texture  of 
carbon.  The  dimensions  of  anisotropic  units 
become  smaller  and  the  disorder  is  well  remarkable 
from  the  optical  microscopy  and  X-ray 
diffractograms.  From  the  galvanostatic  charge- 
discharge  characteristics  between  3V  and  -0.02V 
vs  Li  at  a  current  density  of  20  mA/g,  the  reversible 
and  irreversible  capacity  of  lithium  insertion  was 
evaluated.  A  high  value  of  400  mAh/g  was  obtained 
for  the  boronated  coke  treated  at  1000°C. 
Additionally,  a  lack  of  divergence  between  the 
lithium  insertion  and  extraction  was  observed.  In 
the  case  of  cokes  treated  at  lower  temperatures 
(700°C  and  850°C),  even  if  the  values  of  reversible 
capacity  are  higher,  the  presence  of  hysteresis, 
more  remarkable  for  coke  700°C,  discriminates  the 
cokes  obtained  below  1000°C. 

Potentiodynamic  investigations  (0.2mV/s  to  5mV/s) 
and  galvanostatic  intermittent  titration  technique 
(GITT)  were  used  for  detailed  studies  of  all  the 
kind  of  polarization  during  insertion  and  removal  of 
lithium. 
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Various  types  of  carbon  materials  have  been  used  for 
the  anode  material  of  Li-ion  batteries.  The  anode  of  the 
first  Sony’s  commercial  Li-ion  battery  was  composed  of 
non-graphitizable  (hard)  carbon.  The  hard  carbon  shows  a 
high  lithium  diffusion  rate,  and  less  exfoliation  problem. 
The  Li-ion  battery  assembled  with  the  hard  carbon  anode 
shows  good  kinetics,  long  cycle  life. 

Artificial  and  natural  graphite  are  now  widely  used 
as  the  anode  materials  of  Li-ion  batteries.  The  high  den¬ 
sity  and  high  lithium  intercalation  capacity  of  graphite 
make  Li-ion  battery  exhibiting  a  high  energy  density.  The 
powder  grains  of  graphite  typically  are  plate-like  shapes. 
This  gives  the  rise  to  anisotropic  flow  properties  under 
shear,  so  that  rolled  or  pressed  graphite  anode  film  might 
exhibit  a  high  degree  of  preferred  orientation.  The  plate¬ 
like  shape  and  the  preferred  orientation  may  cause  lithium 
ions  to  diffuse  longer  distances,  resulting  in  large  polari¬ 
zation  and  reasonably  less  cycleability. 

In  this  work,  a  process  for  preparing  a  composite 
carbonaceous  material  consisting  of  graphite  core  embed¬ 
ded  in  hard  carbon  shell  was  studied.  Natural  graphite 
particles  were  covered  with  ethylene-cracking  residual. 
Then  the  covered  graphite  powder  was  pre-oxidized  in  air 
and  oxygen  atmosphere  at  250-350°C,  resulting  in  stereo 
cross-linked  in  the  residual.  The  cross-linked  residual/ 
graphite  precursor  was  pyrolyzed  at  different  tempera¬ 
tures  in  argon  atmosphere.  Thus,  the  hard-carbon/graphite 
composite  powders  were  obtained. 

Figure  1  shows  the  effect  of  the  pre-oxidized  time  on 
the  electrochemical  performance  of  the  composite  anode 
pyrolyzed  at  1000°C.  The  button  cells  with  lithium  foil  as 
the  counter  electrodes  and  composite  carbonaceous  as  the 
working  electrodes  were  galvanostatically  charged  and 
discharged  with  different  current  densities.  In  the  first  ten 
cycles,  the  current  density  was  0.30  mA/cm2,  then  the 
current  density  increased  to  0.60  mA/cm2  in  the  second 
ten  cycles,  and  in  the  third  and  fourth  ten  cycles  to  0.90 
and  1.20  mA/cm2,  respectively.  It  can  be  seen  that  the 
lithium  intercalation  capacities  were  almost  same  for  all 
samples  at  lower  current  density  of  0.30  mAh/cm2.  How¬ 
ever,  when  the  current  density  increased  to  0.60,  0.90  and 
1 .20  mA/cm2,  the  samples  pre-oxidized  for  1  and  5  hours 
at  350°C  in  flowing  air  showed  higher  relative  capacities. 
Without  pre-oxidizing,  and  too  short  pre-oxidizing  time, 
the  residual  did  not  have  enough  cross-link  structure,  the 
pyrolyzed  coke  shell  mainly  shows  soft  carbon  properties. 
So,  in  comparison  with  soft  carbon,  the  hard  carbon  shell 
can  greatly  improve  the  kinetics  of  graphite. 

After  pre-oxidized  at  350°C  in  flowing  air  for  3 
hours,  the  pre-oxidized  residual/graphite  composite  was 
pyrolyzed  (heat-treated)  at  different  temperature  from  500 
to  1700°C.  Fig.  2  shows  the  effect  of  heat  treatment  tem¬ 
peratures  on  the  Coulomb  efficiency  of  the  first  cycle. 
Although  the  composite  carbonaceous  materials  pyro¬ 
lyzed  at  lower  temperature  showed  higher  lithium  inter¬ 


calation  capacities,  but  the  Coulomb  efficiency  at  the  first 
cycle  was  much  lower.  The  large  irreversible  capacity  at 
the  first  cycle  would  seriously  reduce  the  specific  power 
density  of  lithium  ion  battery. 

The  diffusion  coefficient  of  lithium  ions  in  graphite, 
ethylene-cracking  residual  coke  and  core-shell  composite 
carbonaceous  anode  films  were  measured  by  using  poten¬ 
tial  step  technique.  The  experimental  results  are  listed  in 
Table  1.  It  can  be  seen  that  the  diffusion  coefficient  of 
lithium  ions  in  anode  films  can  be  increased  by  means  of 
the  covering  of  hard  carbon  on  graphite  particle  surface. 


Figure  2.  The  effect  of  pre-oxidized  time  on  the 
Property  of  composite  carbonaceous  material 
a:  5  hours;  b:  1  hour;  c:  0.5  hours; 
d:  without  pre-oxidizing 


Figure  3.  The  effect  of  heat  treatment  temperature  on 
the  Counlomb  efficiency  of  first  cycle 


Table  1  Diffusion  coefficient  of  lithium  ion  in  graphite, 
ethylene-cracking  residual  coke  and  core/shell  composite 
_ _ (cm2/s) _ _ 


Y  in  LiyC6 

graphite 

residual 

coke 

Core/shell 

Composite 

0*  1 

5.75*  10iu 

5.25*  Iff8 

7.83-  10" 

0*  2 

5.03*  101U 

5.84-  10'8 

1.87*  10‘9 

0*  5 

1.15*  1010 

4.10-  10* 

• 
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Lithium  intercalation  is  well  known  for  most  of 
the  Ti02  polymorphs.  Small  amounts  can  be  inserted  at 
room  temperature  into  rutile  (0.13  Li/Ti),  anatase  (0.5 
Li/Ti)  and  brookite  (0.5  Li/Ti  )  [1]  if  compared  with  the 
expected  quantity  to  reduce  all  Ti4*  ions  to  Ti3+  (1  Li/Ti). 
Holiandite  is  able  to  accept  a  higher  quantity  (0.75  Li/Ti) 

[2]  and  hence  it  can  develop  the  highest  specific  capacity 
c.a.  250  Ah/Kg.  Although  the  ramsdellite  polymorph  was 
synthesised  as  single  crystal  in  1994  [3],  more  recently  a 
route  to  prepare  pure  powder  has  been  reported  [4], 
Taking  into  account  that  reduction  of  Ti4+  in  an  octahedral 
coordination  uses  to  take  place  at  low  potential,  the 
electrochemical  properties  of  this  latter  polymorph,  when 
it  is  intercalated  with  lithium,  may  be  of  interest  for 
anodic  applications  in  lithium  batteries. 

In  this  work  we  present  a  study  of  the 
electrochemical  intercalation  of  lithium  into  LixTi02  (x  = 
0.3  and  0).  The  results  are  compared  with  those  reported 
for  other  titanium  ramsdellites  that  have  been  proposed  as 
possible  anodic  materials. 

A  Li*Ti02  compound  having  ramsdellite 
structure  has  been  synthesised  following  the  procedure 
previously  reported  [4].  Chemical  analysis  showed  that 
the  composition  is  Li03TiO2.  Lithium  can  be  extracted 
electrochemically  under  nearly  equilibrium  conditions  to 
give  a  quasi  lithium-free  compound  Li0.075TiO2. 
Afterwards  lithium  can  be  reversibly  intercalated  between 
3  and  1  V  versus  lithium.  Figure  1  shows  the  first 
discharge-charge  cycle  (obtained  by  the  application  of 
current  pulses  of  O.lmA/cm2  for  30  minutes  and  60 
minutes  of  relaxation)  in  a  cell  using  Li0075TiO2  as  the 
positive  electrode  (10%  w/o  carbon  black,  5%  w/o 
binder).  The  maximal  theoretical  specific  capacity  (336 
Ah/Kg)  is  almost  reached.  When  the  cell  is  discharged  at 
higher  current  density  the  electrode  keeps  fairly  well  the 
capacity  (  70%  at  1 .0  mA/cm2). 

Figure  2  shows  the  cycling  behaviour  of  the 
ramsdellite  Li007sTiO2  for  0.5  mA/cm2.  The  reversibility 
of  the  intercalation  reaction  is  acceptable  and  the 
polarisation  is  not  too  high  if  ones  takes  into  account  that 
the  starting  compound  is  white,  i.e.  it  is  expected  to  have 
a  very  low  electronic  conductivity. 

When  compared  with  other  ramsdellites  such  as 
Li2Ti307  [5],  the  capacity  of  LixTi02  is  clearly 
advantageous,  so  that  we  could  propose  this  latter 
compound  as  a  new  electrode  material.  However,  the 
major  advantage  of  titanium  oxides  is  that,  presenting  low 
intercalation  voltages,  they  may  be  useful  as  the  anode  for 
rocking  chair  batteries.  This  is  fulfilled  for  the  case  of 
Li2Tij07  but  not  for  Li0,075TiO2.  As  it  can  be  seen  in 
Figure  1,  intercalation  proceeds  between  2.3  and  1.2  V, 
while  for  Li2Ti307  an  unique  plateau  situated  at  1.5  V  is 
observed.  Therefore,  although  the  studied  compound 
LixTi02  shows  a  higher  capacity,  its  use  as  anode  material 
would  be  more  limited  than  for  this  other  ramsdellite. 


x  in  LiJiOj 


Figure  1.  First  discharge-charge  cycle  of  a  cell  Li/Li PF6 
(1M)+EC+DMC  (1:1  )/Ti02  (current  pulses  of  O.lmA/cm2 
for  30  minutes  and  60  minutes  of  relaxation). 
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Figure  2.  Cycling  behaviour  of  a  cell  Li/LiPF6 
(1M)+EC+DMC  (l:l)/Ti02  at  a  constant  current  density 
of  0.5  mA/cm2. 
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Tin  oxides  have  been  the  subject  of  considerable 
investigation  as  possible  new  negative  electrodes  in 
lithium-ion  batteries  (1-3).  The  initial  mechanism  of 
lithium  incorporation  into  these  anodes  is  generally 
attributed  to  the  formation  of  metal  clusters  capable  of 
reversible  lithium  insertion  surrounded  by  a  protecting 
metal  oxide  matrix.  In  this  study,  we  have  investigated  a 
series  of  tin  fluorides  associated  with  high  anionic 
mobility,  following  on  from  earlier  phase  equilibria  and 
solid  state  electrochemical  studies  of  this  system, 

PbSnF4  is  a  well-known  fluoride  ion  conductor  exhibiting 
one  of  the  highest  ionic  conductivities  at  room 
temperature  of  any  material.  Ionic  conductivities,  >10 
Scm'1  at  300K  and  activation  energies  <0.2eV  have  been 
observed.  PbSnF4  exhibits  three  principal  polymorphs, 
a,  [J,  y.  The  y-  form  has  the  cubic  fluorite  structure  and  is 
isomorphous  with  p-PbF2.  The  a-  and  p-  forms  have 
distorted  fluorite-related  structures  with  different 
tetragonal  modifications.  The  cubic  fluorite  polymorph 
(p-PbF2  or  y-PbSnF4)  is  observed  to  exist  at  high 
temperatures  from  0  -  80%  SnF2  and  is  stabilised  to  room 
temperature  between  -15  and-30  mol%  SnF2.  The  a  and 
p  forms  of  PbSnF4  are  found  in  the  vicinity  of  50  mol% 
SnF2.  The  a  form  is  only  found  over  a  narrow  range  of 
composition  and  is  not  stable  at  temperatures  above  543K. 
The  P  form  is  stable  over  a  much  wider  range  of 
temperatures  and  compositions. 

In  this  study,  we  have  investigated  electrochemical 
incorporation  of  lithium  into  the  high  temperature  cubic 
fluorite  forms  of  PbF2,  Pb0.7sSno.25F2,  Pbo.15Sno.g5F2  the 
tetragonally  distorted  fluorite  Pbo.4sSno.52F2  and  the  rutile 
form  of  SnF2.  Samples  have  been  prepared  by  solid  state 
reaction  under  inert  and  fluoridising  atmospheres.  The 
resulting  phases  have  been  studied  by  X-ray  diffraction, 
DSC,  quenching  and  ac  impedance  spectroscopy 
techniques. 

These  materials  have  been  investigated  as  possible  anode 
materials,  using  two  electrode  galvanostatic  and 
potentiostatic  cycling  techniques.  For  PbF2  initial  lithium 
insertion  occurs  in  two  steps  at  2  and  1.5  VLi, 
corresponding  to  the  formation  of  2LiF  per  formula  unit. 
Limited  further  lithium  insertion  occurs  and  reversibility 
is  poor.  For  Sn  containing  fluorides,  the  initial  insertion 
of  2  Li  per  formula  unit  occurs  over  the  potential  range 
-2.7-1. 5  V.  There  is  significantly  more  insertion  for  the 
Sn-containing  compounds  at  potentials  below  0.5V  and 
some  degree  of  reversibility  is  exhibited.  The  main 
differences  from  the  oxide  are  the  higher  potential  for  the 
irreversible  insertion  stage  (>2V  for  the  fluoride  and  ~1V 
for  the  oxide)  and  the  lower  potential  observed  for  the 
reversible  stage  (  <0.5  V  for  the  fluoride,  >0.5  V  for  the 
oxide). 
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Figure  1  Powder  X-ray  diffraction  patterns  comparing  the 
tetragonally  distorted  fluorite  (5  Pbo.475Sno.52sF2  and  the 
cubic  fluorite  p  PbF2 
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Fig  2  Comparison  of  galvanostatic  cycling  data  for  PbF2 
and  Pbo.475Sno.525F2,  x  is  Li  per  formula  unit. 
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Hard  carbons  are  expected  to  be  very  promising 
anode  materials  for  lithium-ion  batteries,  able  to 
store  more  lithium  than  graphite.  However,  the 
irreversible  capacity  and  the  polarization  between 
charge  and  discharge  are  usually  more  important 
than  with  graphite.  In  order  to  improve  the 
performance,  there  is  a  need  to  interpret  more 
clearly  the  reasons  for  the  deviations  to  the  ideal 
behavior  of  graphite.  From  electrochemical 
investigations  of  hard  carbons,  TEM  observations 
and  7Li  NMR  at  various  degrees  of  lithium 
insertion,  we  suggest  a  model  which  explains  the 
mechanism  of  lithium  insertion  and  de-insertion. 

For  this  work,  we  have  selected  a  cellulose 
precursor.  Films  have  been  precarbonized  several 
weeks  at  ca.  400°C  and  then  heat-treated  one 
minute  at  1000°C.  The  reversible  capacity  of  the 
carbon  product  was  250  mAh/g  and  the  irreversible 
capacity  120  mAh/g.  In  another  experiment,  the 
same  precursor  was  precarbonized  at  450°C  during 
7  minutes  and  heat-treated  during  7  minutes  at 
1000°C,  applying  anisotropic  mechanical  strains 
during  all  the  process.  The  reversible  capacity  was 
of  the  order  of  500  mAh/g  and  its  irreversible 
capacity  of  160  mAh/g;  a  noticeable  hysteresis  was 
remarked  in  comparison  with  the  other  sample. 

For  the  analysis  of  the  nature  of  lithium  sites  and 
type  of  lithium-carbon  bonding,  ex-situ  7Li  NMR 
has  been  performed  on  fully  lithiated  samples  in  the 
range  of  temperatures  from  293 K  to  233K.  A  peak 
centered  at  66ppm  observed  at  ambient  temperature 
on  the  strained  sample  gives  two  different 
contributions  at  233K,  i.e.  a  paramagnetic  with  a 
value  of  220ppm  and  peak  at  18ppm  independent  of 
temperature.  The  results  suggest  the  existence  of 
two  different  lithium  species  in  the  hard  carbon:  a 
pseudometallic  lithium  forming  clusters  into 
micropores  and  a  covalent  lithium  “truly” 
intercalated  as  in  LiQ. 

On  the  other  hand,  TEM  observations  on  the 
strained  carbon  precursor  showed  a  tendency  to  a 
preferential  orientation  of  the  aromatic  layers. 
Image  analysis  brought  out  a  distribution  of  the 
interlayer  distances,  with  values  ranging  from  ca. 
3.5  to  6  A. 

Our  model  of  insertion/deinsertion  elucidates  that 
intercalation  with  charge  transfer  to  the  graphitic 
layers  forming  corridors  is  the  first  process;  then 
electron  back-donation  takes  place  for  the  filling  of 
the  pores  by  pseudometallic  lithium.  During 
deinsertion,  intercalated  species  are  extracted  firstly 
through  the  corridors;  then,  the  removal  from  pores 


proceeds  with  additional  polarization  for  charge 
transfer  from  Li  clusters  to  the  carbon  matrix. 

The  process  of  lithium  insertion  was  also 
investigated  on  samples  especially  modified  under 
hydrogen  flow  and  by  thermal  treatment  under 
secondary  vacuum  in  order  to  elucidate  the  exact 
influence  of  heteroatoms  (O,  H)  and  open  porosity 
on  the  electrochemical  properties.  Outgassing  at 
high  temperature  turned  out  to  be  a  very  efficient 
way  for  the  reduction  of  irreversible  capacity. 
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Non-graphitizable  carbons  heat-treated  at  ca. 
1000°C  give  the  capacity  higher  than  LiC6  with  a 
significant  capacity  in  the  potential  range  from  0  to  0.1  V 
(vs.  U/Li+).  The  capacity  below  0. 1  V  looks  as  a  plateau 
in  charge  and  discharge  and  is  very  attractive  for  anodes 
of  high  energy-density  batteries.  The  charge-discharge 
mechanism  studied  by  7Li-nuclear  magnetic  resonance 
(7Li-NMR)  suggested  two  types  of  lithium  species  during 
lithation  process;  the  lithium  same  as  those  in 
graphitizable  carbons,  and  the  species  with  quite  different 
from  those  in  graphitizable  carbons(l).  The  former  is 
thought  to  be  in  the  interlayer  space  between  graphite 
layers,  and  the  latter  is  inferred  to  be  lithium  clusters  with 
metallic  character  which  causes  a  significant  capacity 
below  0.1V  (2).  The  structure  information  on  the 
lithiation  mechanism  is,  however,  still  ambiguous, 
because  weakly  periodic  structures  of  the  carbon  make  it 
difficult  to  understand  the  structural  changes  during 
lithium  insertion  and  extraction  by  X-ray  diffraction 
analysis.  In  the  present  study,  the  structures  of  the 
carbon  and  lithiated  carbon  were  studied  using  neutron 
diffraction  to  clarify  the  structure  changes  during  the 
lithation  process. 

Carbon  fiber  prepared  from  an  isotropic 
petroleum  pitch  (nominal  diameter  of  10  pm,  FIP, 
Petoca),  which  was  used  as  a  precursor  of  non- 
graphitizable  carbons,  was  heat-treated  at  1200°C. 
Electrochemical  lithium  insertion  were  performed  in  a 
three-electrode  cell  with  1  mol  •  dm-3  solution  of  LiC104 
in  a  50:50  (by  volume)  mixture  of  ethylene  carbonate  and 
diethylcarbonate  (DEC)  (battery  grade,  Tomiyama  Pure 
Chemical  Industry)  at  27°C.  The  reference  and  counter 
electrodes  were  lithium  metal.  The  fully  lithiated  carbons 
were  prepared  by  short  circuiting  the  cells  for  12  h  after 
galvanostatic  reduction  (25  mA  •  g"1)  to  0  V.  Partially 
lithiated  carbons  were  prepared  by  a  charge  to  0.1V.  The 
neutron  diffraction  data  were  taken  on  a  time-of-flight 
(TOF)  diffractometer  VEGA,  and  the  small-angle  neutron 
scattering  (SANS)  were  taken  on  a  TOF  diffractometer, 
SWAN,  at  the  KENS  pulsed  spallation  neutron  source  at 
KEK. 

Figure  1  shows  the  VEGA  data  on  the  carbon 
and  fully  lithated  carbon.  The  patterns  fitted  by  the 
graphite-2H  model  with  a  hexagonal  structure  led  to 
lattice  parameters  with  a=2.4064(7),  c  =  6.985(1 1)A,  and 
2.4186(6),  c  =  7.074(9)A  for  the  carbon  and  the  lithiated 
carbon  respectively.  No  significant  differences  were 
found  in  the  peak  positions  between  the  fully  lithated  and 


the  partially  lithated  samples.  This  indicates  the 
intercalation  reaction  in  a  graphite  region  from  shallow 
lithiation  process. 

SANS  data  of  the  carbon  and  the  fully  lithated 
carbon  differ  slightly  at  ca.  Q  =  0.2  A“'  and  1  A_1(Fig.  2). 
However,  it  is  reasonable  to  assume  that  the  framework  of 
the  carbon  does  not  change  appreciably,  because  both  data 
are  commonly  consist  of  three  parts:  the  Porod  term  with 
Q*  dependency,  the  Debye-Bueche  term  with  a  double 
Lorentzian  form  and  a  constant  incoherent  scattering:  I(Q) 
-A  x  G"4  +  B  /  { 1  +  (£  x  Q )2}2  +  7inc.  The  second  term 
is  relevant  to  the  micropores  with  diameter  of  about  7  to  8 
A  surrounded  by  layered  crystallites  in  the  carbon.  The 
slight  difference  at  ca.  Q  =  0.2  A-1  and  1  A-1  corresponds 
to  the  value  of  £,  the  correlation  length,  which  is  related  to 
a  radius  of  the  micropore.  Both  data  were  excellently 
fitted  with  this  formula  in  the  Q  range  0.02  -  0.8  A-1.  The 
obtained  <j;was  2.9  and  3.4  for  FIP  and  Li-doped  FIP, 
respectively.  The  diameter  of  the  micropore  is  simply 
approximated  by  2  x  £(3).  It  is  concluded  that  the 
micropore  becomes  larger  with  lithiation. 

Using  VEGA  and  SWAN  data  on  the  lithiated 


carbon,  the  structure  informations  concerned  directly  to 
the  intercalation  and  lithium  cluster  formation  process 
were  clarified. 


Fig.  1  The  VEGA  data  for  carbon  and  fully 
lithated  carbon. 


Q(A_1) 


Fig.  2  The  SANS  data  and  fitting  results. 
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Lithiated  graphite  is  recognised  as  a  good  anode  in 
lithium-ion  cells  for  its  high  theoretical  capacity 
(372mAh/g)  and  voltage  respect  to  lithium  leading  at  an 
high  cell  voltage  and  good  power  density1.  On  the  other 
hand,  it  is  rather  sensitive  to  electrolyte  composition,  in 
fact  the  electrolytes  are  reduced  on  the  electrode  surface 
especially  during  the  first  discharge  forming  an  electron 
insulating  but  ionic  conducting  protective  layer2.  The 
growth  of  this  passivating  layer  causes  an  irreversible 
capacity  loss  which  has  a  certain  importance  in 
constructing  practice  lithium-ion  batteries.  This  film  plays 
a  fundamental  rule  in  good  performing  of  the  electrode 
and  its  composition  is  dependent  on  the  electrolitic 
solution  in  which  the  electrode  have  to  work.  It  is  well 
known  that  graphite  is  exfoliated  by  propylene-carbonate 
upon  electrochemical  intercalation  of  lithium3,4  while 
behaves  well  with  etylene-carbonate  and  in  fact  most  of 
solutions  which  lead  to  a  good  cycleability  arc  EC  based 
in  mixture  with  a  variety  of  others  solvents.  In  this  work 
we  report  our  results  about  a  study  of  graphitic  electrode 
surface  morphology  in  several  electrolitic  mixtures  and  in 
hard  temperatures  conditions.  Because  of  its  employ  in 
practice  electronic  devices  (i.e.  computer,  cameras  ..)  the 
lithium-ion  cells  may  work  in  such  temperature 
conditions  reaching  at  maximum  55°C  this  causing  some 
problems  with  the  evaporation  of  solvents  and  with 
stability  of  solutions,  for  this  reason  a  little  quantity  of  PC 
are  added.  We  have  studied  the  surface  morphology  of 
natural  graphite  (NG7)  electrodes  by  SEM  and  tried  to 
correlated  the  passivating  film  morphology  with  self¬ 
discharge  properties  following  this  phenomenon  by 
impedence  spectroscopy.  The  solution  used  are:  LiPF6 
EC/DMC,  LiBF4  EC/PC  1/1,  LiBF4  EC/PC  3/1,  LiC104 
2/1 .  In  fig.  1  are  reported  first  discharges  obteined  with 
previous  solutions  and  the  effect  of  the  presence  of 
propylene  carbonate  on  the  electrolyte  decomposition  is 
evident  only  in  the  1/1  ratio  with  EC.  The  curves  plotted 
for  other  solutions  have  more  or  less  the  same  shape  also 
for  LiPf6  reported  as  reference  solution  because  of  its 
wide  presence  in  practical  batteries.  In  every  case  the 
irreversible  capacity  loss  consists  in  about  the  20%  of  the 
total  amount,  except  for  the  LiC104  EC/PC  1/1  with  a 
40%.  In  the  fig. 2  SEM  picture  as  an  exemple  is  reported 
the  film  obtained  in  LiCI04  EC/PC  2/1  after  the  first 
discharge. 

In  fig. 2  ,  as  an  exemple,  SEM  pictures  is  reported  for  the 
film  obtained  in  LiC104  EC/PC  2/1  after  the  first 
discharge.  We  have  followed  the  electrode  self-discharge 
by  impedence  spectroscopy  and  the  data  show  a  continous 
degradation  of  the  film  .  The  depression  angle  trend 
seems  to  be  correlated  with  a  progressive  porosity  of  the 
passivating  film  as  is  clearly  evident  in  others  SEM 
pictures. 


Fig.  1.  Voltage  vs  time  profiles  for  the  first  discharge  of 
graphite  in  different  electrolytes. 


Fig.  2.  SEM  picture  for  a  SEI  film  growth  in  LiCI04 
EC/PC  2/1 


V/Volts 

OCV 

Depression 

angle 

R*,  (ohms) 

Cdl  (farads) 

0,05 

11,9 

39,41 

6,3  *10-6 

0,096 

18,7 

45,1 

6,2*10-6 

0,137 

21,88 

70,3 

4,2*10-6 

0,155 

26,22 

80,9 

3,8*10-6 

Table  I.  Impedence  data  for  a  sample  in  OCV  conditions 
after  the  first  discharge  in  LiC104  EC/PC  2/1 
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Soiid-electrolyte-interphase  (SEI)  formation  on  graphite 
anodes  in  lithium  ion  cells  inevitably  involves  the 
irreversible  consumption  of  both  charge  capacity  and 
material  (lithium  and  electrolyte).  This  "irreversible  capacity" 
Cjjf  depends  largely  on  the  electrode  surface  accessible  to 
electrolyte  wetting.  Basically,  the  electrode  structure  (type  of 
binder,  binder  content,  porosity,  mechanical  properties,  etc.) 
and  the  type  of  graphite  (characterized  by  properties,  such  as 
surface  area,  particle  shape  and  size  distribution,  etc.) 
determine  this  surface. 

The  structure  of  layered  graphite  gives  rise  to  basically 
two  kinds  of  surfaces,  prismatic  (edge)  surfaces  and  basal 
plane  surfaces.  Ideal  (=  defect  free)  basal  plane  surfaces  are 
homogeneous  and  "smooth"  and  consist  only  of  carbon 
atoms.  In  contrast  the  prismatic  surfaces  are  heterogeneous 
and  "rough"  and  apart  from  carbon  contain  various,  mostly 
oxygen-containing  surface  groups.  It  is  widely  accepted  that 
the  chemistry  and  morphology  of  the  prismatic  surfaces  of 
graphite  play  a  major  role  in  chemical  and  electrochemical 
reactivity,  interaction  with  the  SEI,  etc.,  e.g.,  [1].  Besides, 
transport  of  either  solvated  or  unsolvated  lithium  cations 
from/into  the  electrolyte  take  place  via  the  prismatic 
surfaces.  In  accordance  with  the  fact  that  surface  group 
reduction  and  solvated  intercalation  take  place  at  the 
prismatic  surfaces,  it  was  suggested,  that  prismatic  surfaces 
contribute  more  to  the  overall  Cm  than  basal  plane  surfaces 

[2].  In  conclusion,  the  information  about  the  relative  and 
absolute  amounts  of  prismatic  and  basal  plane  surfaces  in  a 
graphite  material  are  essential  for  understanding  the 
irreversible  (and  reversible)  reactions  of  the  graphite  anode. 

The  adsorption  of  nitrogen  at  77K  is  a  commonly  used 
measurement  for  the  determination  of  the  surface  area  of 
graphites  and  other  materials  through  application  of  the  well 
known  BET  equation.  We  show  in  this  work  how  the  same 
measurements  can  be  used  to  estimate  the  extent  of  prismatic 
and  basal  plane  surfaces  present  in  a  graphitic  material. 

The  method  is  based  on  the  premise  that  the  two  surfaces 
of  interest  will  adsorb  nitrogen  with  different  affinities,  or 
adsorptive  potentials.  In  the  case  of  physical  adsorption,  this 
potential  is  largely  determined  by  the  density  of  the 
adsorbent  constituent  atoms  at  the  adsorbing  interface.  For 
graphite,  this  means  that  the  basal  plane,  having  a  higher 
areal  density  of  carbon  atoms,  will  have  a  greater  adsorptive 
potential,  hence  adsorb  more  strongly  than  the  less  dense 
prismatic  surfaces.  The  task  of  extracting  the  adsorptive 
potential  distribution  from  adsorption  data  has  been 
described  in  detail  elsewhere  [3].  In  simple  terms,  the 
adsorption  isotherm  on  a  heterogeneous  surface  is  expressed 
as  the  convolution  integral 

<20)  =  J  q(p,e)f(e)de  (i), 


where  Q(p)  is  an  experimental  adsorption  isotherm,  f(e)  is 
the  adsorptive  potential  distribution  by  area,  and  q(p,£)  is  a 
function  describing  the  theoretical  adsorption  isotherm  on  an 
energetically  uniform  surface  having  an  adsorptive  potential 
e.  In  this  work,  the  function  q(p,e)  is  evaluated  by  using  non 
local  density  functional  theory  [4]. 

The  materials  investigated  were  several  TIMREX® 
powder  graphites  (Timcal).  By  way  of  example,  the 
normalized  adsorptive  potential  distributions  for  two 
graphites  with  similar  particle  size  distribution  but  quite 
different  surface  area,  named  KS75  and  KS75KM,  are  shown 
below.  The  KS75KM  has  been  prepared  from  the  KS75  by  a 
special  milling  procedure.  The  surface  area  of  sample  KS75 
by  the  present  method  was  5.51  m2  g1  (BET  5.73)  and 
sample  KS75KM  was  25.63  (BET  25.37). 
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From  previous  work  with  graphite  [3],  it  is  known  that 
the  peak  centered  at  57  K  represents  the  basal  plane  surface. 
From  physical  considerations,  the  lower  energy  peak 
represents  the  prismatic  surface.  Dislocations,  defects  and 
surface  steps  (=  "defect  surface")  can  account  for  the  higher 
energy  portions  of  the  distribution.  By  integrating  under  the 
peaks,  we  find  that  the  ratio  of  basal  plane  surface  /  prismatic 
surface  /  "defect  surface"  for  sample  KS75  is  8.6/ 1.2/ 1.0, 
while  it  is  5.5  / 1 .2  /  1.0  for  KS75KM. 

We  will  relate  these  ratios  qualitatively  with  the  first 
cycle  charge  curves  of  the  samples.  One  has,  however,  to  be 
careful,  with  a  relation  on  a  quantitative  basis.  The  influence 
of  surface  groups,  in  particular  for  milled  graphites  like  the 
KS  75  KM,  as  well  as  the  amounts  of  the  respective  surface 
areas  wetted  by  the  electrolyte  can  not  be  determined. 
Furthermore,  the  electrode  structure  (see  above)  has  to  be 
considered,  meaning  that  of  a  certain  graphite  material 
may  vary  in  dependence  of  other  electrode  components  and 
of  the  electrode  preparation  process.  Finally,  the  SEI 
products  at  basal  planes  and  prismatic  surfaces  and  thus  the 
for  their  formation  may  differ  considerably,  too  [5]. 
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Intermetallic  compounds  have  long 
been  under  consideration  as  possible  anode 
materials  in  Li  batteries,  however,  sluggish 
insertion/extraction  behavior,  large  volume 
expansion,  and  relatively  small  capacity  have 
discouraged  their  widespread  use.  Recent  work 
has  been  motivated  by  the  possibility  that  Li- 
intercalating  intermetallics  may  exhibit  better 
electrochemical  behavior  than  the  Li-compound- 
forming  systems  that  have  received  most 
attention  previously.  Systems  bearing  the  NiAs 
and  ZnS  structures  have  been  investigated  by  our 
group  [1-3].  To  complement  the  experimental 
effort,  we  present  here  results  of  first  principles 
calculations  within  the  local-density-functional 
theory  framework  that  shed  further  light  on  the 
intercalation  properties  of  Li  in  InSb[2]. 

Calculations  were  performed  primarily 
with  the  plane  wave  pseudopotential  method, 
but  some  calculations  were  also  done  with  the 
full-potential  linear  muffin  tin  orbital  method. 
Pseudopotentials  of  the  Troullier-Martins  form 
were  employed,  with  the  In  and  Sb  Ad  electrons 
treated  as  valence.  Calculated  equilibrium  lattice 
constants  for  zinc-blende  InSb  were  within  1% 
of  experiment.  In  order  to  analyze  some  possible 
decomposition  reactions  that  occur  upon 
lithiation,  calculations  were  performed  also  for 
pure  In  in  the  tetragonal  structure,  and  for  the 
compound  Li3Sb. 

Calculations  for  LiJnSb  have  been 
performed  at  several  compositions.  In  the  dilute 
limit,  a  single  Li  atom  (x=0.25)  was  treated  in  a 
conventional  cubic  unit  cell.  Tetrahedral 
interstitial  sites  coordinated  to  either  In  or  Sb,  as 
well  as  substitution  for  In  were  considered.  The 
In-coordinated  site  is  preferred  to  the  Sb- 
coordination,  and  substitutional  Li  on  In  sites 
was  found  energetically  unfavorable.  Although 
direct  experimental  verification  is  lacking,  the 
preference  for  In-coordinated  tetrahedral  can  be 
rationalized  on  the  basis  of  simple  electrostatic 
considerations. 

The  composition  x=l,  with  either  the 
In-  or  Sb-coordinated  tetrahedral  interstitials 
filled,  was  considered.  The  equilibrium  lattice 
constant  at  this  composition  is  approximately  3% 
larger  than  in  pristine  InSb.  In  contrast  to  our 
predictions  for  x=0.25,  the  Sb-coordination  was 
preferred  at  x=l.  Calculations  for  x=2,  which 
corresponds  to  the  filling  of  all  tetrahedral 
interstitial  sites,  suggest  that  the  zinc  blende 
structure  is  unstable  at  this  composition. 

Although  isolated  substitutional  Li  in 
InSb  is  found  to  be  unfavorable,  the  In-extrusion 
reaction  in  which  Li3Sb  is  formed,  is  found  to  be 


energetically  competitive  with  Li  insertion  into 
tetrahedral  interstitial  sites  at  x=0. 

The  calculations  described  above,  in 
conjunction  with  x-ray  diffraction  measurements 
[3],  suggest  the  following  scenario  for  the  first 
cycle  of  Li  intercalation  of  InSb.  The  first 
intercalcated  Li  atoms  occupy  In -coordinated 
tetrahedral  interstitial  sites,  but  with  subsequent 
filling  a  preference  for  Sb-coordinated  interstitial 
sites  develops.  At  a  Li  interstitial  level  between 
0.5  and  1  Li  per  formula  unit  (if  not  lower),  an 
In-extrusion  reaction  occurs.  In  this  reaction, 
pure  In  is  extruded,  and  domains  of  Li3Sb  are 
created  in  the  InSb  matrix. 

Support  by  the  Chemical  Sciences 
Division  of  the  Office  of  Basic  Energy  Sciences, 
U.  S.  Department  of  Energy,  under  Contract  No. 
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Phase  separation  and  amorphization  in 
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Sulfide  compounds  with  spinel-related  structure 
have  been  widely  studied  for  their  properties  as  host 
materials  for  lithium  insertion  and  their  potential  use  as 
electrode  in  lithium-ion  batteries  [1,2].  Post-transition 
metals  of  groups  13  and  14  provide  many  examples  of 
such  compounds.  Particularly,  indium  and  tin  sulfospinels 
like  MIn2S4  (M  =  Mn,  Fe,  Co,  Ni)  [3],  CuM0.5Sn,.5S4  (M 
=  Mn,  Fe,  Co,  Ni)  [4]  and  the  cation  deficient  In2Sn0.5S4 

[5]  have  been  previously  studied  as  host  lattices  for 
lithium  insertion.  The  oxidation/reduction  potentials 
observed  during  electrochemical  tests  are  lower  than 
those  observed  for  oxide  spinels,  and  so  these  materials 
are  currently  investigated  for  their  possible  application  as 
negative  electrodes  [6].  Unfortunately,  their  practical  use 
has  been  limited  up  to  now  by  a  low  specific  capacity  and 
a  high  capacity  fading  with  cycling,  in  contrast  to  carbon 
electrodes. 

A  previous  work  has  shown  the  interest  of  copper 
and  indium  containing  sulfospinels  to  obtain  low  specific 
potentials  [7].  We  present  here  a  study  on  copper,  indium 
and  tin  containing  compounds:  Cu0.5+«In2.5.3aSn2aS4 
(0<a<0.5),  belonging  to  the  spinel-related  structure 
domain  of  the  pseudo-ternary  phase  diagram 
Cu2S-In2S3-SnS2.  This  work  includes  lithium  insertion  on 
these  materials  by  chemical  (via  n-butyllithium)  and 
electrochemical  (using  Li  /  LiPF6  1M  (EC:DMC)  / 
sulfospinel  cells)  routes. 

Characterization  was  performed  by  X-ray  powder 
diffraction  (XRD),  ,19Sn  Mossbauer  spectroscopy  and  X- 
ray  absorption  spectroscopy  (XAS).  Diffraction 
measurements  show  a  spinel-rocksalt  transformation  at 
the  beginning  of  the  insertion,  and  then  an  important 
amorphization  takes  place  with  further  lithium  insertion. 
The  Mossbauer  results  allow  to  analyze  the  evolution  of 
the  tin  oxidation  state  throughout  the  insertion:  initial  Snlv 
is  reduced  to  Sn11  in  the  rocksalt  phase  and  to  Sn°  in  the 
amorphous  phase  (Fig.  1). 

Changes  in  the  partial  electronic  structure  due  to  Li 
insertion  have  been  studied  by  XAS.  A  qualitative 
analysis  is  proposed  which  explains  some  observed  main 
trends  in  the  variations  of  the  XAS  spectra  as  a  function 
of  the  Li  content.  Ab  initio  calculations  have  been 
performed  in  order  to  give  a  more  quantitative 
interpretation  of  these  changes  in  terms  of  the 
modifications  in  the  local  environment  of  the  different 
atoms.  First  results  are  given  here  for  binary  Sn-S  and  Cu- 
S  compounds  used  as  reference  materials  for  the  complex 
quaternary  compounds.  A  good  agreement  is  obtained 
between  the  experimental  and  the  calculated  XAS  spectra 
(Fig.2)  which  allows  to  attribute  the  orbital  contributions 
to  the  XAS  peaks. 
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Fig.l  ,19Sn  Mossbauer  spectra  of  CuInSnS4  at  different 
lithium  contents  per  mole  of  compound. 


Fig.2  XAS  spectra  at  the  S  K  edge  of  the  two  reference 
materials  SnS2  and  Cu2S. 
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Experimental  and  theoretical  analysis  of 
Li  insertion  mechanims  in  anode 
materials 
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Olivier-Fourcade  and  J.C.  Jumas 


We  present  a  method  for  the  study  of  the  effects 
of  the  Li  insertion  in  new  anode  materials  upon  the 
structure,  the  electronic  and  the  electrochemistry 
properties,  This  method  which  has  been  previously  used 
for  chalcogenide  materials  [1]  is  based  on  complementary 
experimental  techniques  including  X-ray  and  neutron 
diffractions,  Mossbauer  spectroscopy,  X  ray 
photoelectron  and  absorption  spectroscopies.  The 
experimental  results  are  analysed  by  different  models 
including  semi-empirical  and  ab  initio  calculations.  This 
approach  has  been  used  by  our  group  for  different 
insertion  materials  and  results  obtained  for  tin  based 
anode  materials  are  shown  here  as  an  example.  This  study 
concerns  Li  insertion  in  the  a-SnO  crystalline  phase 
considered  as  a  reference  material  and  in  amorphous  tin 
composite  oxides  (ATCO). 

The  electronic  structure  of  a-SnO  has  been 
studied  from  both  experiments  and  ab  initio  calculations. 
A  new  interpretation  of  the  occupied  and  unoccupied 
electronic  states  based  on  the  LAPW  method  [2]  is 
proposed  in  terms  of  chemical  bonding.  Accurate  results 
have  been  obtained  in  particular  for  the  XAS  spectra 
(Fig.  1).  This  provides  a  reference  for  the  interpretation  of 
the  experimental  data  obtained  for  Li  insertion  in  both  the 
crystalline  and  amorphous  phases. 

Results  of  X-ray  absorption  and  mSn  Mossbauer 
spectroscopies  let  to  conclude  that  the  Li-Sn  cluster  are 
embedded  in  a  Li20  matrix  with  important  Sn-0 
interactions  (up  to  4  Li/mol),  which  can  be  only  neglected 
at  very  large  depth  of  discharge  (more  than  4  Li/Sn)  [3], 
The  different  environments  of  tin  atoms  found  during  the 
discharge  (Fig.2)  agree  well  with  Sn11  (up  to  2  Li/mol), 
"metallic"  tin  (from  2  to  4  Li/mol)  and  Li-Sn  (from  4 
Li/mol).  At  the  end  of  the  discharge  deformation  of 
Li22Sns  was  confirmed  [4]. 

The  Li  insertion  in  ATCO  leads  to  structural 
changes  and  the  new  active  phases  have  been  studied  by 
the  different  techniques  [5].  The  results  have  been 
compared  to  those  obtained  for  reference  materials  in 
order  to  provide  an  interpretation  of  the  insertion 
mechanisms  and  to  improve  the  electrochemical 
properties. 
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Fig.l  Experimental  and  calculated  XAS 
spectra  at  the  Sn  L3  edge  of  a-SnO 
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Previous  work  in  our  laboratory  has 
shown  that  the  adsorption  of  self- 
assembled  molecular  layers  on  a  polymer 
electrolyte  surface  can  make  the 
interface  between  the  electrolyte  and  a 
lithium  metal  electrode  more  stable  and 
hinder  the  formation  of  passivation 
layers  that  inhibit  ion  movement 
between  the  electrode  and  electrolyte. 
This  work  studies  the  effect  that  the 
molecular  composition  of  the  adsorbed 
layer  has  on  interface  stability  and 
passivation  inhibition.  Several 

compounds  have  been  studied 
particularly  those  having  a  portion  of  the 
molecule  that  will  adsorb  on  the  surface 
of  the  electrolyte  and  a  portion  that  may 
self-assemble,  forming  the  layer  that 
comes  in  contact  with  the  lithium 
electrode.  Studies  have  been  conducted 
on  compounds  of  the  form 
H-(CH2)n-(CH2-CH2-0)m-H,  where  the 
length  of  the  hydrocarbon  chains,  n,  have 
been  varied.  In  addition  molecules  that 
have  had  the  straight-chain  -(CH2)- 
portion  of  the  molecule  replaced  with 
branched  hydrocarbon  chains,  aromatic 
groups,  and  organosilicon  groups  have 
been  studied.  Characterization  of  the 
molecular  layers’  ability  to  stabilize  the 
electrode/electrolyte  interface  have  been 
done  using  a.c.  impedance  spectroscopy. 
Impedance  data  will  be  correlated  with 
chemical  make-up  of  the  molecular  layer 
and  the  ability  of  some  molecules  to 
form  more  ordered  self-assembled 
structures. 
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ABSTRACT 


Lithium  manganospinel  Li2Mn409  has  been  investigated 
extensively  in  recent  years  as  a  lithium  insertion  cathode 
for  lithium-ion  batteries  (1).  The  difficulty  in  preparing 
the  fully  oxidized  Li2Mn409  material  in  a  reproducible 
manner,  is  well  known  (2),  Strict  control  of  experimental 
conditions  such  as  temperature,  time,  particle  size  of  the 
precursor  materials,  and  oxygen  partial  pressure  is 
essential  for  producing  highly  oxidized,  single-phase 
material.  Reported  results  to  date  show  clearly  that  the 
fully  oxidized  Li2Mn409  phase  has  not  been  prepared 
successfully. 

We  report  here  on  the  synthesis  of  Li2Mn409  using  a  new 
precursor  mixture,  LiMn04*3H20  and  MnC03.  The 
rationale  for  choosing  LiMn04*3H20  as  one  of  the 
precursors  was  that  it  forms  a  melt,  which  has  recently 
been  reported  to  improve  contact  between  the  reactants 

(3) .  The  effectiveness  of  using  LiMn04  as  a  reagent  to 
prepare  layered  manganese  oxides  has  also  been  reported 

(4) . 

Our  objective  was  to  prepare  and  characterize  the  fully 
oxidized  spinel  material,  Li2Mn409,  and  to  determine  its 
electrochemical  behavior.  Thermogravimetry  (TG)  was 
employed  to  determine  the  optimal  experimental 
conditions  for  the  synthesis  of  the  cathode  material  and  to 
determine  the  extent  of  oxidation  of  the  product.  The 
stoichiometry  was  determined  from  potentiometric 
titration  and  elemental  analysis  of  Li  and  Mn,  The 
electrochemical  behavior  of  the  material  was  investigated 
using  single  cell  tests  in  hermetically  sealed  glass 
laboratory  cells. 

TG  curves  of  our  highly  oxidized  Li2Mn409  material  and 
a  commercial  LiMn204  sample  are  shown  in  Figure  1. 
The  measured  weight  plateau  ratio  for  the  LiMn204 
sample  in  curve  (a)  is  in  exact  agreement  with  the 
theoretical  value  of  0.9410  for  the  thermal  decomposition 
of  LiMn204  to  LiMn02  and  Mn304.  The  interpretation 
of  the  TG  curve  of  our  highly  oxidized  material  (b)  has 
been  discussed  previously  (5).  The  value  of  z  in 
Li2Mn408+z  determined  from  the  molecular  weights  of 
the  solid  phases  and  the  TG  weight  plateaus  was  0.83. 
The  highest  value  of  z  obtained  in  this  study  was  0.88. 
We  attribute  the  difficulty  in  preparing  the  fully  oxidized 
phase,  in  part,  to  the  simultaneous  decomposition  reaction 
of  the  product  to  LiMn204. 

The  cycling  behavior  of  the  highly  oxidized  material  and 
a  commercial  LiMn204  sample  is  shown  in  Figure  2.  The 
tests  were  conducted  in  coin  cells  with  a  lithium  anode 
and  an  EC:DMC:DEC  elctrolyte  at  1.5  mA/cm2.  These 
results  show  the  excellent  capacity  retention  of  the  new 
cathode  material  relative  to  that  of  the  commercial 
LiMn204.  We  also  observed  that  there  was  very  low 
charge  acceptance  on  the  first  cycle  of  the  cell  with  the 
new  cathode.  This  is  considered  strong  evidence  of  the 
high  oxidation  state  of  the  Mn  in  the  material. 

We  will  present  details  of  the  solid  state  synthesis 
parameters  and  properties  of  the  new  cathode  material 
including  lattice  parameters,  hygroscopicity,  and  thermal 
stability. 


References: 

1.  M.  M.  Thackeray  and  M.  H.  Rossouw,  J.  Solid  State 
Chem .,  1 13.  441  (1994),  and  references  therein. 

2.  C.  Masquelier,  M.  Tabuchi,  K.  Ado,  R.  Kanno,  Y. 
Kobayashi,  Y.  Maki,  O.  Nakamura,  and  J.  B. 
Goodenough,  J.  Solid  State  Chem,  123.  255  (1996). 

3.  F.  Leroux,  D.  Guyomard,  and  Y.  Piffard,  Solid  State 
Ionics,  80,  299  (1995). 

4.  J.  Tarascon,  W.  McKinnon,  F.  Coowar,  T.  Bowmer,  G. 
Amatucci,  and  D.  Guyomard,  J.  Electrochem.  Soc., 
141.1421  (1994). 

5.  S.  Dallek,  in  Proc.  38lh  Power  Sources  Conf.,  p.  378 
(1998). 


Figure  1 .  TG  curves  of  manganospinel  cathode  materials 
a)  LiMn204  b)  Li2Mn408.s 


Figure  2.  Cycling  behavior  of  manganospinel  cathode 
materials  a)  Li2Mn408  8  b)  LiMn204 
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Lithium  transition  metal  oxides  are  of  great  interest  as 
cathode  materials  of  lithium  rechargeable  batteries. 

Among  the  potential  cathode  materials,  LiMn204  spinel  is 
most  promising  because  of  its  economical  and 
environmental  advantages.  An  important  problem 
prohibiting  it  from  wider  use  as  a  cathode  material  is  the 
unstable  rechargeability  as  capacity  fading  during  cycling. 
The  capacity  fading  of  the  spinel  has  not  been  well 
clarified.  A  dissolution  of  the  spinel  cathode  into  the 
electrolyte  and  a  tetragonal  distortion  caused  by  the  Jahn- 
Teller  effect  are  believed  to  contribute  the  capacity 
fading!  1,2].  To  overcome  the  problem,  several  research 
groups  have  studied  the  properties  of  transition  metal 
doped  spinels,  LiMyMn2.y04(M=:Ni,  Fe,  Co,  Cr)[3,4],  and 
nonstoichiometric  lithium  rich  spinels,  Lij+xMn2_x04[5,6]. 
Considerable  improvement  in  rechargeability  on  cycling 
was  obtained,  but  they  delivered  significant  loss  of  initial 
capacity.  As  the  lithium  excess  and  the  dopant 
concentration  were  increased,  the  initial  capacity  loss  was 
also  increased.  In  order  to  suppress  the  capacity  loss  and 
capacity  fading,  a  low  temperature  preparation  of  the 
spinel  powder  having  high  degree  of  crystal  quality 
without  undesirable  phases  and  a  controlled  addition  of 
minimum  amount  of  both  excess  lithium  and  dopants  are 
required. 

The  quality  of  LiMn204  based  materials  for  the 
applications  on  lithium  ion  batteries  also  depends  on 
powder  morphology  and  particle  size.  The  electrode 
materials,  which  have  smaller  particle  size  and  larger 
surface  area,  usually  deliver  a  high  capacity[7].  Wet 
chemical  process  makes  it  possible  to  prepare  the  high 
quality  spinel  at  a  low  heating  temperature  in  a  shorter 
time  with  a  high  surface  area  product. 

In  the  present  study,  Li1+xCoyMn2.y04(x=-2*  2,  y=0, 

1/9,  1/6)  spinel  powders,  both  the  excess  lithium  and 
cobalt  added,  have  been  prepared  by  oxalate  precipitation 
method  as  the  wet  chemical  process.  Their  synthesis  and 
high  temperature  properties  were  characterized  by  TG, 
DTA,  x-ray  diffractometry(XRD),  FTIR  spectroscopy, 

BET  and  electrochemical  measurements.  Moreover,  the 
results  for  the  prepared  powders  are  compared  to  the 
results  for  powders  prepared  by  solid  state  reaction  of 
oxides  and  carbonates. 

Oxalate  derived  spinel  was  synthesized  by  heating  of 
precipitates  at  temperature  lower  than  650*  .  FTIR  results 
showed  that  the  powders  prepared  even  at  600*  had  high 
degree  of  crystal  quality  comparing  with  the  solid  state 
reaction  powders  prepared  at  750*  .  The  particle  size  of 
powders  prepared  by  the  oxalate  precipitation  at  600* 
was  smaller  than  0.2»  and  the  specific  surface  area 
determined  by  BET  was  1 1.01m2/g.  The  surface  area  is 
about  ten  times  as  large  as  that  of  the  classical  solid  state 
reaction  powders  prepared  at  750*  .  As  a  result  of  the  TG 
analysis,  it  was  found  that  discontinuities  of  the  curves 
started  at  temperatures  T[  as  well  as  T2  during  heating  and 
T2.  during  cooling.  The  temperatures  were  related  to 
reversible  phase  transitions.  The  transitions  involved 
weight  (oxygen)  loss  and  gain  during  heating  and  cooling, 
which  was  in  agreement  with  the  results  reported  by  Gao 
et  al.[8].  Furthermore,  DTA  analysis  showed  that  the 
transition  over  T ( denoted  a  continuous  decomposition 


(endothermic)  reaction,  while  the  transition  at  T2and 
T2.  were  related  to  additional  endothermic  and  exothermic 
reaction,  respectively.  This  suggests  that  the  T2and 
T2.  were  superheating  and  supercooling  temperatures  of 
transitions  involving  nucleation  and  growth  of  other 
phases.  XRD  measurements  of  samples  quenched  from 
temperatures  above  T]  and  T2  showed  that  the  other 
phases  formed  were  oxygen  deficient  tetragonal,  LiMn02 
and  Mn203.  For  high  temperature  synthesis  above  800* 
followed  by  intermediate  rate  cooling  ,  an  irreversible 
second  phase  indexed  to  Li2Mn03  was  also  formed.  It  is 
considered  that  the  transition  at  Tt,  was  also  responsible 
for  the  irreversible  phase  formation. 

The  addition  of  Co  made  the  cubic  spinel  phase  stable 
and  led  to  a  reduction  in  lattice  constant,  which  might 
provide  stable  cell  performance  during  cycling[4].  The 
increasing  of  Li  excess  (in  the  range  of  x=-2*  2)  for  the 
fixed  Co  content  also  led  to  the  continuous  reduction  in 
the  lattice  constant.  The  optimum  amount  of  Li  excess 
along  with  the  Co  content  was  studied. 

The  low  temperature  synthesis  below  650*  avoided 
the  undesirable  second  phase  formation  and  the  prepared 
powders  showed  improved  compositional  and  physical 
properties  for  secondary  lithium  battery  applications.  The 
relationship  between  the  spinel  composition  and  the  phase 
transition  was  analyzed.  The  effects  of  composition, 
powder  synthesis  condition  and  powder  morphology  on 
electrochemical  properties  will  be  elucidated. 
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Lithiatcd  transition  metal  oxides  LiM02  (M  = 
Co,  Ni,  Mn)  have  been  extensively  studied  as  cathode 
materials  for  commercial  rechargeable  lithium  batteries 
[1-3].  Among  these,  lithium  manganese  oxides  are 
promising  candidates  as  cathodes  in  these  systems  due 
to  their  low  cost,  abundance  and  non  toxicity. 

Two  kinds  of  synthesis  ways  are  usually 
reported  for  preparing  lithiated  manganese  oxides.  One 
is  a  synthesis  via  solid  state  reaction.  The  other  one  is 
the  use  of  low  temperature  techniques,  consisting  in  ion 
-  exchange  reactions  or  sol-gel  processes  which  give 
the  advantage  of  homogeneity. 

Sol-gel  process  chemistry  provides 
homogeneous  mixing  of  reactants  on  the  molecular 
level  and  can  also  be  used  to  control  shape, 
morphology,  and  particle  size  in  the  resulting  products. 
Previous  results  obtained  in  our  group  have  shown  the 
interest  of  using  the  sol-gel  method  to  get  new  and/or 
high  performance  cathodic  materials  especially  in  the 
case  of  V205-based  compounds  and  Mn02  oxides  [4- 
6]. 

The  major  problem  in  developing  sol-gel 
processes  for  the  synthesis  of  manganese  oxides  with 
near  Mn02  stoichiometry  is  the  lack  of  suitable  Mn(IV) 
molecular  precursors  in  aqueous  solution.  An 
alternative  consists  in  the  use  of  redox  reactions 
between  fumaric  acid  and  aqueous  permanganate 
solutions  [5]  in  order  to  get  Mn(IV)  and  then  the 
building  of  Mn — O — Mn  bonds  to  form  an  oxide 
network  through  polycondensation  reactions. 


In  this  paper,  a  new  way  of  synthesis  has  been 
developed  to  prepare  lithiated  manganese  oxides 
through  an  ionic-exchange  procedure  from  the  sol-gel 
lamellar  a-Nao?Mn02.  In  a  second  step,  these 
experiments  have  been  performed  with  metallic  ions  in 
order  to  modify  and  to  improve  both  the  structure  and 
the  electrochemical  properties  of  the  lithiated 
manganese  oxide. 

These  phases  present  attractive  properties  as 
rechargeable  cathode  materials  for  secondary  lithium 
batteries  (Figure  1).  During  cycling  experiments 
performed  at  discharge-charge  rates  of  C/20,  a 
stabilization  of  the  specific  capacity  around  200 
mAh.g'1  (0.7  F-Mol’1)  occurs  after  the  40™  cycle  for 
the  best  compound  obtained  with  an  optimal 
composition  of  15  %  in  cobalt  ions,  Li^MnossCoo  is02. 
References  : 

[1]  :  T.Ohzuku,  A.Ueda,  M.Nagayama,  Y.Iwakoshi 

and  H.Komori,  Electrochimica  Acta,  38  (1993),  1 159. 

[2]  :  M.Broussely,  J.P.Planchat,  G.Rigobert, 

D.Virey,  G.Sarre,  J. Power  Sources,  68  (1997),  8. 

[3]  :  RJ.Gummow,  A  de  Kock  and 

M.M.Thackeray,  Solid  State  Ionics,  69  (1994)  59. 

[4]  :  J.P.Pereira-Ramos,  S.Bach,  N. Baffler, 

R.Messina,  Solid  State  Ionics,  40-41  (1990)  974. 

[5]  :  S.Bach,  M.Henry,  N.Baffier,  J.Livage,  J.Solid 

State  Chem.,  88  (1990)  325. 

[6]  :  S.Bach,  J.P.Pereira-Ramos,  N.Baffier,  J. Power 

Sources,  81-82(1999)  273. 


Figure  1  :  Chronopotentiometric  curves  for  the 
reduction  oxidation  at  low  current  density  (C  /  20  rate) 
of  LixMn085Co0isO2  heat-treated  at  300°C  in  a 
1  Mol.L'1  LiC104  /  Propylene  Carbonate. 
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•The  contribution  of  internal  energy  change  for 
cathode  voltage  was  studied  assuming  that  the 
cathode  material  was  completely  ionic  and  only  the 
Coulomb  potential  was  effective.  We  assumed  that 
an  electron  is  inserted  into  the  nearest  metal  of  the 
inserted  Li*.*From  the  internal  energy  change  by  one 
Li*  and  one  electron  insertion  (Ua),  we  have 
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where  E  is  potential  vs.  Li/Li*,  U  is  internal  energy, 


^•is  reaction  coordinate,  F  is  Faraday  constant,  P  is 
pressure,  V  is  volume,  T  is  temperature,  S  is  entropy, 


e  is  elementary  charge,  y  is  Li  site  occupancy,  <l>u  is 
Coulomb  potential  of  Li  site,  d>M  is  Coulomb 


potential  of  metal  site,  (-Om+/m)  is  energy  level  of 
the  inserted  electron,  /u  is  ionization  energy  of  Li, 


RLiM  is  the  nearest  distance  between  Li  and  M,  efl  is 
permittivity  of  free  space,  Zi  is  charge  on  species  i  in 
signed  of  electronic  charge,  r^  (A)  is  distance  from 
an  atom  of  species  i  to  an  atom  k,  <J>M  is  Coulomb 
potential  at  the  atom  k,  and  the  sign  after  /Li  is  +  if  Li 
exists  already  at  the  center  of  k  for  the  calculation  of 


d>k  ,  and  -  if  Li  is  vacant  at  the  center.  Ok  was 
calculated  using  a  personal  computer  (VIP  Basic, 
Mainstay),  for  an  ideal  cathode  LixM02  (R3m)  (Li- 
O:  2A,  Ni-O:  2A)  ,  which  is  a  model  compound  of 
LixNiOr  The  summation  was  done  for  8000  unit 
cells.  The  value  of  Iu  is  obtained  to  be  -7.1076eV 
from  the  enthalpy  change  of  Li(cr)»Li*(g)+e.  We 
assumed  that  the  energy  level  of  the  metal  atom  is 
the  sum  of  the  electron  energy  level  in  vacuum  and 
the  Coulomb  potential.  Using  DV-X*  molecular 
orbital  method  (SCAT)1,  HOMO  energy  of  [NiOJ*1 
cluster  was  obtained  to  be  -0.30858  eV,  where 


nominal  valence  of  Ni  is  3  and  that  of  O  is  -2/3.  The 


From  a  similar  calculation,  spinel  LijM20.  showed  a 
high  potential  of  6.839  V  at  x=0  using  the  same 
value  of  INi,  without  assuming  the  inter-layer  Li* 
ordering.  The  potential  at  x=*  was  7.057  V, 
assuming  valence  of  M  of  3.5.  If  Li-0  length 
becomes  shorter  and  the  length  of  M-0  changes  to 
longer,  the  potential  goes  down. 

Reference  1)  H.  Adachi  editor,  "Hajimete  no 
densijoutai  keisan  /  DV-X*  bunsikidoukeisan  eno 
nyumon  (in  Japanese)",  ISBN  4-7827-0392-9, 
Sankyo,  Tokyo  (1998). 
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Fig.  2  Two  phase  separation 


contribution  of  the  Coulomb  potential  of  oxygen  is  - 
28.798  eV.  Therefore  IM  =INi  =  -0.30858-28.798= 
-29.106(eV). 

The  voltage  of  Li0MO2  was  calculated  to  be  0.593  V 
using  <t>Li=  -12.2485  eV  (empty  Li  site)  and  <1>M=  - 
38.7447  eV  (M4*  site).  However  the  potential  is  too 
low.  Let  us  consider  an  inter-layer  Li*  ordering, 
namely  Li*  occupancy  along  the  c-axis.  Li*  may 
occupy  the  nearest  position  to  the  Li*  inserted  into 
the  next  layer  just  before,  because  the  valence  of  M 
is  reduced  to  3,  which  decreases  the  repulsion  force 
to  Li*.  In  this  case,  we  have  to  add  -6.73329  eV  to 
0Ll  and  6.73329  eV  to  4>M  .  Then,  we  have  3.879  V 
for  the  potential  of  Li0MO2.  We  assume  in-plane  Li 
ordering  as  shown  in  Fig.  1.  LixM02  showed  two 
phase  co-existence  for  0<x<0.25,  and  one  phase  for 
0.25<x<l  by  the  comparison  with  the  case  of  no 
ordering,  as  shown  in  Figs.  2  and  3. 
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Fig.  3  Potertiol  of  ordered  rock  solt  LiM02 
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The  charge  and  discharge  performances  of  insertion- 
type  electrodes  for  lithium  (Li)-ion  batteries  are  varied 
with  the  composition  of  the  organic  electrolyte  solution 
(1,2).  It  is  important  to  establish  an  optimum  composition 
of  the  electrolyte  system  for  a  specific  combination  of  the 
positive  and  negative  electrodes.  Up  to  the  present, 
however,  little  has  been  known  about  the  details  in  the 
effects  of  the  electrolyte  composition  on  the  electrode 
characteristics  in  Li-ion  battery  systems.  We  have 
investigated  the  influences  of  the  electrolyte  composition 
on  the  charge  and  discharge  performances  of  LiNi02  and 
LiMn204  cathodes  (3-6).  In  this  paper,  the  electrode 
characteristics  of  chromium-stabilized  manganese  spinel, 
LiCr0  |Mn,  9O4,  have  been  examined  in  organic  electrolyte 
solutions  with  different  compositions.  We  have  tried  to 
optimize  the  solvent  composition  for  using  LiBF4  as  the 
electrolytic  salt.  The  cathode  performances  will  be 
discussed  in  relation  with  the  impedance  behavior  at  the 
electrode/electrolyte  interphase. 

Ethylene  carbonate  (EC)  or  propylene  carbonate  (PC) 
was  mixed  with  low  viscosity  solvent  (LVS),  dimethyl 
carbonate  (DMC),  with  and  without  1 ,2-dimethoxyethane 
(DME).  The  electrolytic  salts  were  LiCl04,  LiPF6  and 
LiBF4.  The  test  electrode  was  composed  of  90  w%  of 
active  material,  LiCr0.iMn,  904  (Tosoh),  mixed  with  5  w% 
of  a  conducting  support  and  5  w%  of  a  binder  resin.  The 
charge  and  discharge  characteristics  were  measured  by 
cyclic  voltammetry  and  constant-current  polarization 
using  a  three-electrode  beaker  cell  equipped  with  an 
Li/Li+  reference  electrode.  The  interfacial  behavior  was 
investigated  by  an  ac  impedance  method  (65  kHz  -  5 
mHz)  using  a  three  electrode  system.  All  experiments 
were  carried  out  under  a  dry-Ar  atmosphere  at  room 
temperature  (18-25  °C). 

The  charge  and  discharge  capacities  of  LiCr0.|Mni  904 
were  varied  with  the  electrolyte  composition,  especially 
with  the  electrolytic  salt.  The  discharge  capacity  at  the 
initial  cycle  decreased  in  the  order  of  LiPF6  >  LiC104  > 
LiBF4,  which  was  generally  consistent  with  the  order  of 
the  ionic  conductivity  of  the  solution  using  mixed  EC  (or 
PC)  and  DMC  solvents.  The  rate  capability  of  the 
cathode  for  discharging  also  depended  on  the  electrolyte 
solution.  The  discharge  capacity  in  LiPF6  was  high  at 
initial  few  cycles,  but  it  gradually  decreased  with  cycle 
repeating. 


The  ac  impedance  measurements  showed  that  the 
charge  and  discharge  characteristics  of  the  LiCr0  fMni  904 
cathode  are  influenced  by  both  bulk  and  interfacial 
impedance  of  the  electrodc/electrolyte  system.  That  is, 
the  bulk  resistance  of  the  electrolyte  determines  the  initial 
discharge  capacity  of  the  cathode  under  relatively  high 
rate  conditions.  The  interphase  resistance  appeared  at  a 
moderate  frequency  region  during  the  first  discharge 
process  relates  with  the  capacity  loss  after  the  repeated 
cycles. 

The  discharge  capacity  in  the  LiBF4  solution  with 
EC+DMC  (50+50  by  volume)  solvent  was  rather  low 
even  at  low  discharge  rates.  However,  the  capacity  loss 
with  the  cycle  repeating  was  quite  low  in  the  solutions 
containing  LiBF4.  As  the  LiBF4  salt  is  superior  to  other 
salts  from  the  viewpoints  of  safety  and  environmental 
compatibility,  we  have  attempted  to  improve  the 
discharge  performances  in  the  solutions  using  LiBF4  as 
the  salt.  Partial  substitution  of  DMC  with  equal  volume 
of  DME  was  efficient  for  the  improvements  in  the  ionic 
conductivity  of  the  solution.  The  discharge  capacity  was 
also  improved  by  the  substitution  of  DMC  with  DME. 
That  is,  ternary  solvent  system,  EC+DMC+DME,  gave 
high  discharge  capacity  even  under  high  rate  conditions. 
Almost  ideal  (theoretical)  discharge  capacity  of  ca.  115 
Ah  kg  ')  was  obtained  for  LiCr0  lMni  904  in  LiBF4  (1  mol 
dm'3)/EC+DMC+DME  system.  The  discharge  capacity 
did  not  decreased  with  the  repeated  charge/discharge 
cycles  in  this  electrolyte  system,  in  which  the  ac 
impedance  gave  both  low  bulk  resistance  and  low 
interfacial  resistance. 
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Development”  under  the  contract  with  New  Energy  and 
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Manganese  dioxide  finds  widespread  use  in 
batteries  as  cathode  material.  Among  five  crystalline 
forms  of  manganese  dioxide  electrochemical  y-Mn02 
(EMD)  is  known  to  be  the  most  electrochemically  active. 
It  is  nonstoichiometric  oxide  compound.  It  has  been  found 
that  the  rate  of  mass  transfer  during  solid  phase 
electrochemical  process  is  higher  in  nonstoichiometric 
oxide  compounds.  The  rate  of  electrochemical  reaction 
increases  with  the  degree  of  deviation  from  stoichiometry 

m. 

The  aim  of  this  work  is  the  increasing  of  the 
discharge  current  density  (the  rate  of  electrochemical 
process)  and  of  the  battery  capacity.  The  structure 
distortion  is  one  of  the  ways  of  achievement  of  this  aim. 

It  can  be  done  electrochemically  on  the  basis  of 
bifunctional  electrochemical  system  principles  [2]  or 
chemically  by  modifying  manganese  dioxide  [3].  These 
methods  allow  to  increase  the  degree  of  deviation  from 
stoichiometry. 

The  structure  distortion  is  a  consequence  of  the 
presence  of  Mn3+  and  Mn4+  ions.  The  presence  of  Mn3+  in 
the  same  crystallographic  position  as  Mn4+  occupies  is 
known  to  be  stabilized  by  hydroxide  ions.  The  amount  of 
OH'-group  in  the  bulk  of  material  depends  on  the  nature  of 
manganese  dioxide  -  on  the  preparation  procedure  of  it. 

Modified  samples  of  EMD  (1  -  Republic  of 
Georgia,  2  -  I*  S  •  10)  and  CMD  (3  -  Ukraine)  were 
prepared  by  insertion  of  small  amount  of  alkaline  metals 
ions  ( 1’,  2')  and  (3').  The  electrical  parameters  were 
determined  at  different  loads  resistance.  The 
measurements  were  carried  out  in  two  real  coin  elements: 
diameter  23,  height  2.5  and  diameter  20  height  1.6.  The 
discharge  curves  are  presented  in  figure.  It  is  shown  that 
elements  with  modified  manganese  dioxide  (1\  2',  3') 
differ  from  elements  with  usual  cathodic  material  (1  ,2  and 
3).  The  higher  rate  of  mass  transfer  in  nonstoichiometric 
oxides  makes  it  possible  to  operate  at  low  external  loads: 
1.0-5. 6  kOm.  In  this  case  a  discharge  current  density  of 
the  order  of  2-5mA/cm'2  can  be  realized  in  the  cathode 
material,  which  is  several  times  greater  than  with  usual 
oxide.  In  according  with  degree  of  deviation  from 
stoichiometry  ionic  fraction  of  conductivity  is  increased 
(nearly  20-30%). 

The  ionic  conductivity  can  be  quantitative 
parameter  of  degree  of  deviation  from  stoichiometry.  The 
comparison  of  our  data  with  results  of  prominent  firms 
shows  advantages  of  modifying  manganese  dioxide,  table. 

Thus,  essential  increasing  of  the  discharge 
characteristics  could  be  achieved  by  the  modifying 
process.  It  is  necessary  to  admit  that  any  type  of 
manganese  dioxide  can  be  modified.  This  process  is  very 
simple.  The  general  process  of  preparing  cathodic  material 
with  operation(stage)  modifying  is  simpler  than  usual. 


Figure.  Discharge  curve  of  Li  elements 
with  unmodified  (1,2)  and  modified  (l’,^’) 
cathodic  material  at  external  loads  1  kOm. 


Table.  Discharge  characteristics  of  Li 
elements.  CR2016,  30  kOm 


Our  data 
Mn02- 1' 

Panasonic 

Sony 

Nominal 
Voltage,  V 

3 

3 

3 

Nominal 

Capacity, 

mAh 

105 

90 

72 
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Introduction 

Manganese  spinel,  Lil+xMn2-x04,  is  one  of  the 
most  prominent  materials  as  cathode  for  lithium  ion 
rechargeable  batteries,  because  it  has  environmental  and 
economic  advantages  as  well  as  remarkable  safety 
properties  compared  with  LiCo02.  Consequently 
manganese  spinel  is  expected  not  only  for  small-size  cell 
with  high  energy  density  but  also  for  large-size  cell  with 
high  power  density  [  1 ,2]  in  the  near  future.  However, 
storage  and  cycle  performance  of  the  cell  with  manganese 
spinel  cathode  declines  at  elevated  temperature  (above 
45*  •  ).  Mn  dissolution  from  spinel  structure  is  reported 
as  one  of  the  causes  of  this  capacity  loss  [3],  HF  in 
electrolyte,  which  is  formed  from  supporting  salt  by 
contaminated  water,  causes  Mn  dissolution  from  spinel 
structure. 

Therefore  some  additives  that  can  consume  water 
or  prevent  acid  forming  in  electrolyte  are  solutions  for 
avoiding  Mn  dissolution.  LiNi02  was  expected  to  be 
useful  additive  because  it  shows  high  pH  (app.10-12) 
when  soaked  into  water  and  no  water  seems  to  be 
generated  by  consuming  acid  with  it.  However  LiNi02  is 
hard  to  use  for  this  purpose,  because  of  its  poor  cycle 
performance  and  difficulty  of  electrode  preparation. 
LiNi0.8Co0.2O2  is  preferable  material  in  practical  use. 

Prevention  of  Mn  dissolution 

Blending  powder  (Manganese  spinel  and 
LiNi0.8C00.2O2)  was  put  into  a  can  with  electrolyte  (IM 
LiPF6  EC/DEC=30/70  by  vol.)  and  sealed  completely, 
then  stored  lOdays  at  80*  •  .  After  the  storing,  HF  and 
Mn  concentrations  were  estimated  by  ion-chromatography 
and  1CP  respectively.  Fig.l  shows  the  result.  Both  HF  and 
Mn  concentrations  were  decreased  with  the  increasing  of 
LiNio.8Coo.2O2  blending  ratio.  Mn  dissolution  was  almost 
prevented  with  above  10wt%  LiNio.8CoO.2O2  content 
even  at  80*  •  . 


Storage  performance  of  batteries 

Blending  of  LiNi0.8Co0.2O2  with  manganese 
spinel  has  a  big  impact  on  Mn  dissolution.  Storage 
performance  of  cells  with  the  blended  cathode  and 
graphite  anode  at  elevated  temperature  was  examined. 
LiNi0.8Co0.2O2  recipe  was  tried  as  20wt%  and  [Recover 
capacity  after  the  storage  /  initial  capacity]  was  estimated 
as  an  indicator  for  storage  performance.  The  results  at 
60*  •  are  shown  in  Fig. 2.  There  is  no  doubt  that 
LiNiO.8CoO.202  serves  as  a  useful  additive  for  improving 
of  high  temperature  storage  performance. 


Capacity  increase 

LiNio.8CoO.2O2  is  also  alternate  material  for 
LiCo02  and  has  higher  capacity  than  manganese  spinel. 
Charge-discharge  property  of  blended  cathode  can  be 


explained  by  composition  of  each  curves  arose  from 


manganese  spinel  and  LiNio.8Coo.2O2.  In  other  words, 
capacity  of  blended  cathode  is  represented  as  summated 
capacity  of  each  component.  The  fact  that  capacity  of 
blended  cathode  increases  when  LiNio  8C00.2O2  content  is 
getting  higher  was  confirmed  with  capacity  data  measured 
by  coin  cells  and  18650  cells.  Blended  cathode  with  40  - 
50%LiNi0.8Co0.2O2  shows  equal  capacity  (mAh/g)  to 
LiCo02. 

Conclusion 

LiNio.8CoO.2O2  was  investigated  as  an  additive  to 
consume  HF  in  electrolyte.  LiNio.sCoO  2O2  serves  as 
avoiding  agent  against  HF  generation  in  electrolyte  after 
storage  at  elevated  temperature.  For  this  reason,  blending 
of  LiNio  8C0O  2O2  with  manganese  spinel  drastically 
affects  on  prevention  of  Mn  dissolution  and  improving 
self-discharge.  LiNi0.8Co0.2O2  content  rising  can 
increase  capacity  of  blended  cathode  in  the  range  of  3.0  - 
4.3V  vs.  Li. 
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Carbonaceous  materials  have  been  extensively 
studied  for  use  as  negative  electrodes  in  rechargeable 
lithium  batteries  (lithium-ion  batteries).  Its  charge 
(lithium  intercalation)  and  discharge  (deintercalation) 
reactions  take  place  at  extremely  negative  potentials  close 
to  Li/Li+  (-3.045  V  vs.  NHE),  and  thereby  nonaqueous 
solutions  are  used  instead  of  aqueous  solutions.  Even 
nonaqueous  solvents  should  not  be  thermodynamically 
stable  at  such  negative  potentials.  It  is  generally  believed 
that  a  kind  of  passive  film,  called  solid  electrolyte 
interface  (SEI),  is  formed  on  carbon  negative  electrode  in 
the  initial  stage  of  charging.  The  presence  of  SEI 
prevents  further  solvent  decomposition  and  improves  the 
safety  and  cycleability  of  lithium-ion  cells.  However, 
much  of  the  SEI  formation  has  not  been  clarified  yet  in 
spite  of  its  importance  in  the  battery  reactions.  In  the 
present  study,  we  used  pyrolysis/GC/MS  to  identify  the 
organic  species  in  the  SEI  layer  formed  on  graphite 
negative  electrode. 

Natural  graphite  flakes  produced  in  China  were 
used  as  the  test  samples.  The  graphite  flakes  (40  mg) 
were  wrapped  with  nickel  mesh  and  pressed  moderately 
to  obtain  good  electrical  contacts  between  flakes.  The  test 
electrode  did  not  contain  any  binder.  A  conventional 
three-electrode  cell  was  used  for  electrochemical 
pretreatments.  The  test  electrode  was  kept  at  a  constant 
potential  for  3  h,  or  charged  to  0  V  and  discharged  to  3  V 
at  a  C/24  rate  in  1  M  LiC104  dissolved  in  several  kinds  of 
solvent  systems,  such  as  ethylene  carbonate  (EC)  and  a 
1:1  (by  volume)  mixture  of  EC  and  diethyl  carbonate 
(DEC).  The  counter  and  reference  electrodes  were 
lithium  metal.  After  removed  from  the  cell,  the  test 
electrode  was  washed  twice  in  1 ,2-dimethoxyethane 
(DME),  and  then  dried  under  vacuum  for  10  min. 

A  schematic  diagram  of  pyrolysis/GC/MS  is 
shown  in  Fig.  I.  The  test  electrode  after  an 
electrochemical  pretreatment  was  introduced  in  the 
pyrolyzer  kept  at  300°C,  without  being  exposed  to  air 
upon  transfer.  The  decomposed  products  (gases)  were 
analyzed  by  GC/MS  to  identify  the  organic  species  in  SEI 
on  the  graphite  electrode. 

Figure  2  shows  a  gas  chromatogram  of  thermally 
decomposed  products  of  SEI  on  the  graphite  electrode 
after  charge  and  discharged  in  1  M  LiC104/EC,  in  which 
organic  species  identified  by  MS  are  specified.  In 
addition  to  the  solvents  (EC,  DEC  and  DME),  1,3- 
butanediol,  3-methoxy-l,2-propanedioI,  and  oligomers 
with  repeated  oxyethylene  units,  such  as  ethylene  glycol 
and  diethylene  glycol,  were  detected.  The  presence  of 
these  compounds  suggests  that  the  SEI  layer  contained 
polymer-like  substances  with  repeated  oxyethylene  units, 
which  are  similar  to  polyethylene  oxide)  (PEO).  The 
similarity  indicates  that  the  SEI  layer  on  graphite 
electrode  has  lithium-ion  conductivity. 

The  gas  chromatograms  of  graphite  electrode  after 
kept  at  constant  potentials  (not  shown)  revealed  that  the 
formation  of  diethylene  glycol  began  to  form  at  1.0  V. 
When  the  potential  was  lowered,  the  amount  of  higher 
molecular-weight  compounds  increased,  which  suggests 


that  lower  potentials  accelerate  the  polymerization 
reaction. 

When  graphite  electrode  was  charged  and 
discharged  in  1  M  LiC104/EC+DEC,  a  quite  similar  result 
was  obtained  as  shown  in  Fig.  3.  This  result  shows  that 
SEI  is  formed  mainly  by  decomposition  of  EC,  rather  than 
DEC. 
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Fig.  1.  Schematic  diagram  of  the  pyrolysis/GC/MS 
system. 


Fig.  2.  Gas  chromatogram  of  thermally  decomposed 
product  of  SEI  on  natural  graphite  flakes  after  charged 
and  discharged  in  1  M  LiCICVEC. 


Fig.  3.  Gas  chromatogram  of  thermally  decomposed 
product  of  SEI  on  natural  graphite  flakes  after  charged 
and  discharged  in  1  M  LiC104/EC+DEC. 
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/.  Introduction 

Transition  metal  chalcogenides,  in  particular  ferric  sulphides,  are 
of  great  interest  for  secondary  lithium  power  sources  with  melted  electrolytes. 
The  merits  of  the  electrochemical  cells  are  stemming  from  high  power  capacities, 
the  stability  of  basic  electrochemical  characteristics  and  from  their  relatively  low 
cost 

However,  the  usage  of  melted  salts  dictates  some  problems  in  exploitation  of 
high-temperature  batteries,  such  as  the  corrosion  of  the  cathode  materials  in 
hostile  medium. 

The  objective  of  the  study  was  to  examine  the  interaction  peculiarities 
of  Fc.  Ti,  Cu,  Al  sulphides  with  melted  electrolytes,  namely  mixed  (LiCI-KCl)  or 
monocationic  ones  (LiF-LiCI-LiBr)  at  350-500°C  range  and  to  determine  the 
solubility  of  these  substances  depending  on  the  composition  of  the  cathodic 
materials. 

2.  Experimental 

The  investigation  was  carried  out  by  isothermal  holding  of  metal 
sulphide  powders  in  contact  with  melted  electrolyte.  The  samples  of  the 
electrolyte  were  quenched  and  analyzed  for  sulphides  and  for  Fe  ions  (if  ferric 
sulphides  were  used).  The  analysis  for  sulphide  ions  was  conducted  by  iodometry 
techniques  and  for  Fe-ions  by  measuring  electromotive  force  in  concentration 
circuits. 


reaction  is  supposed  to  be  exothermal,  a  raise  in  temperature  should  adversely 
affect  the  equilibrium,  thus  lowering  the  sulphide  solubility. 

The  match  in  ionic  charges  (+1),  which  ultimately  can  counterbalance 
the  effect  of  bond  ionicity,  might  explain  a  relatively  high  solubility  of  Cu2S. 

Furthermore,  one  should  take  into  account  the  role  of  some  other 
factors  on  the  equilibrium  of  the  exchange  reactions,  namely  fugacity  of  metal 
halides  and  the  formation  of  metal  thiosalts  Li,MeSy. 

4.  Conclusion 

To  summarize  briefly,  the  phenomenon  of  cathodic  materials' 
solubility  in  melted  electrolytes  is  of  major  importance  fot  the  usage  of  high- 
temperature  lithium  batteries.  The  deterioration  of  cathodic  materials  may  be  a 
principal  cause  for  power  sources  self-discharge  and  consequently  the  above 
mentioned  lend  impetus  to  a  search  for  efficient  separators  used  in  lithium 
batteries. 


3.  Results  and  discussion 

The  data  for  solubility  of  Li2S-FeS2-Fes  samples  in  eutectic  mixture 
of  LiCI-KCl  are  given  in  Table  I 


Table  1 


No 

Composition  of  the 
samples 

i 

Solubility  of  Ferric  sulphides, 
wt  % 

at 

350®C,Sxl04 

at 

350°C,Sxl04 

1 

FcS2 

5,0 

8,0 

2 

Li2S+9FcS2+FcS 

6,0 

5,0 

3 

Li2S+7FcS2+FcS 

3,0 

3,0 

4 

Li2S+5FcS2+FeS 

6,0 

2,0 

5 

Li2S+3FeS2+FeS 

10,0 

10,0 

6 

Li2S+FcS2+FeS 

20,0 

25,0 

7 

Li2S+FeS 

60,0 

70.0 

The  results  for  measurements  of  metal  sulphides  solubility  in  melted 
monocationic  electrolyte  are  summarized  in  Table  2. 


Table  2 


Composition 

Solubility  of  sulphides,  wt.% 

No 

at 

460°C 

at 

500°C 

At 

550°C 

1 

U2S 

1.15 

1,35 

1,77 

2 

TiS 

0,028 

0,026 

0.023 

3 

TiS2 

0,051 

0,047 

0,037 

4 

Li2S*TiS2 

0,29 

0,39 

0,50 

5 

FcS 

0.033 

0,027 

0,030 

6 

AI2S, 

1,15 

1.19 

0,67 

7 

Cu2S 

0,155 

0,195 

0,21 

The  values  obtained  make  it  clear  that  the  samples  with  Li2S,  which 
contains  the  same  cation  as  the  electrolyte,  possess  the  highest  solubility.  The 
relatively  high  solubility  of  different  metal  sulphides  and  their  distinctive 
changes  with  temperature  arc  likely  to  be  caused  by  ionic  double  exchange 
reactions  of  cathodic  material  with  electrolyte: 

Mc,Sy  +  2xy  LiHal  e*  xMeHaly  +  xy  Li2S 
where  Me  =  Ti,  Al,  Fe,  Cu,  Hal  =  F,  Cl,  Br. 

In  effect,  the  proceeding  of  the  exchange  reaction  leads  to  dissolving 
of  LijS  and  McHaly  in  the  electrolyte.  It  seems  reasonable  that  the  similarity  in 
properties  of  metal  sulphide  with  those  of  lithium  sulphide  (e.g.  ionicity  of  the 
bonds,  the  charge  and  ionic  radius  of  the  ions)  favors  the  run  of  the  reaction 
above,  thus  increasing  the  solubility  of  metal  sulphides. 

According  to  Pauling,  the  heat  of  formation  per  equivalent  weight  can 
be  taken  as  a  measure  of  bond  ionicity.  Using  this  criterion,  the  ionicity  of 
sulphides  is  supposed  to  decrease  in  the  order: 

Li2S(-230  J)>A12Sj(-I  17  J)>TiS(-109  J)>TiS2(-83  J)>FeS(-50  J)>Cu2S(-40  J) 
As  a  consequence,  A12Sj  possess  the  greatest  similarity  in  bond  ionicity  with 
U2S.  and  so  do  their  cationic  radii.  The  tendency  to  form  a  stable 
hexafluoroaluminalc  complex  (LijAIFa)  also  favors  the  proceeding  of  the  ion 
exchange  reaction  between  monocationic  electrolyte  and  AljSj.  As  the  exchange 
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Introduction 

Layered  LiMn02  compounds  are  attractive  cathode 
materials  for  lithium  ion  batteries  in  terms  of  high 
capacity,  abundant  resources  and  environmental  concern. 
Many  papers  on  the  synthesis  of  layered  LiMn02  have 
been  published,  and  electrochemical  performances  have 
been  reported  .  Lithium  manganese  oxides  have 
orthorhombic[o-]  and  monoclinic[m-]  crystal  forms  .  Y-I 
Jang  et.al.  synthesized  o-LiMn02  and  m-  LiMn02  by 
solid  state  reaction  and  observed  gradual  increase  in 
discharge  capacity  with  cycling  at  room 
temperature[l][2].  M.Tabuchi  et.al.  and  K.Katayama 
et.al.  synthesized  m-LiMn02  and  doped  m-LiMn02  by 
hydro-thermal  reaction[3][4].  In  this  study,  we  proposed 
new  synthetic  method  of  LiMn02  by  use  of  fused  salt  and 
electrochemical  characteristics  were  investigated. 

Experimental 

Mn2.xMx03  (x=0  to0.4)  was  prepared  by  firing  mixtures 
of  Mn02  and  M(N03)y  n-H20  at  temperature  of  650°C  for 
3hr  in  air.  LiOH  H20  and  KOH  were  heated  at  500°C  in 
a  crucible  to  form  an  eutectic.  Mn2.xMx03  was  added  into 
the  eutectic  at  temperature  of  400  to  900  °C  in  argon 
atmosphere.  After  a  few  minutes  of  reaction  ,  the  crucible 
was  quenched  to  room  temperature.  The  resultant 
products  were  washed  with  water  and  dried  at  60°C.  The 
products  were  characterized  by  XRD.  The  cathode  was 
prepared  by  mixing  the  products  with  carbon  black  and 
PTFE  powder  into  a  sheet.  The  anode  was  Li  foil.  An 
electrolyte  composition  of  ethylene  carbonate  and  diethyl 
carbonate  in  the  ratio  of  1:1  and  a  salt  of  LiPF6  were  used. 
Coin  cells  of  2032  type  were  constructed  in  argon 
atmosphere.  Electrochemical  properties  were  measured  at 
a  current  of  30mA/g  with  charge-discharge  voltage  limit 
of  2.0  to  4.3V. 

Results  and  Discussion 
The  formation  of  LiMn02  with  LiOH  eutectic  with 
Mn203  in  the  eutectic  proceeded  quite  rapidly  at 
temperature  of  500  to  800°C.  After  addition  of  Mn203 
into  the  eutectic,  the  precipitate  was  immediately  formed 
and  the  formation  of  floating  compounds  on  the  eutectic 
surface  was  also  observed.  The  reaction  was  continued 
for  5  minutes.  The  precipitate  and  floating  compounds 
were  separated  and  washed  with  water.  The  phases  in 
these  compounds  were  identified  by  XRD.  XRD  pattern 
of  the  precipitate  is  shown  in  Figure  1.  The  precipitate 
was  multi-phase  and  the  main  phase  was  found  to  be  o- 
LiMn02.  The  floating  substance  was  identified  as 
Li2Mn03  by  XRD.  Prolonged  reaction  time  and  high 
reaction  temperature  resulted  in  an  increase  in  the 
formation  of  Li2Mn03. 

The  electrochemical  properties  of  the  precipitate  were 
measured.  Charge  and  discharge  curves  for  first  cycle  is 
shown  in  Figure  2.  The  initial  discharge  capacity  was 
1  lOmAh/g  at  25  °C,  and  168mAh/g  at  60°C.  Thus  ,  it 


was  found  that  lithium  manganese  oxide  for  lithium 
battery  was  quite  rapidly  and  easily  synthesized  by  one- 
step  reaction  . 

Also  it  was  found  that  an  addition  of  KOH  to  LiOH 
eutectic  enhanced  the  reactivity  of  the  Mn203  and 
formation  of  m-LiMn02.  The  effect  of  KOH  on  the 
fomation  of  m-LiMn02  seems  to  be  quite  similar  to  that 
observed  in  hydro-thermal  reaction. 

Synthesis  of  a  doped  LiMn02  using  this  new  method 
was  attempted.  Mn].9M01O3  (M=Fe,Co,Ni,Cr,Al  etc.)was 
treated  in  LiOH-KOH  at  600°C.  Reaction  time  was  5 
minutes.  Formation  of  Li2Mn03  was  not  observed. 
Battery  performances  of  the  resultant  precipitate  were 
measured  .  Discharge  capacity  and  energy  density  for 
the  first  cycle  at  25°C  was  208mAh/g  and  626mWh/g  , 
respectively.  These  values  are  quite  high  compared  to 
those  reported  previously  .  The  first  discharge  capacity 
and  energy  density  measured  at  60  °C  were  228mAh/g 
and  702mWh/g. 


Conclusion 

A  novel  method  for  preparing  layered  lithium 
manganese  oxide  was  developed  by  using  LiOH  eutectic. 
The  cathode  material  obtained  using  this  process  was 
found  to  possess  higher  battery  performance. 
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Fig  1  XRD  pattern  of  the  precipitate  obtained  from 
Mn203 
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Fig  2  Initial  charge  and  discharge  curve  of  the  precipitate 
obtained  from  Mn203 
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Abstract 

The  mixed  valence  lithium  sodium  cuprate  oxide 
Li3Cu204  and  Li2(Nao.687Lio.3i3)Cu204  have  been 
synthesised  and  their  structures  refined  from  time-of- 
flighl  powder  neutron  diffraction  data.  The  materials  are 
isostructural  and  contain  layers  of  edge-sharing  Cu04 
planes  perpendicular  to  the  c  direction  separated  by 
octahedrally  and  tetrahedral ly  coordinated  lithium  ions.  In 
Li2NaCu204,  the  sodium  ions  occupy  octahedral  sites. 
Electrochemical  behaviour  of  both  Li3Cu204  and 
Li2NaCu204  was  investigated  using  the  Cyclic 
Voltammetry  and  the  Coulometric  Titration  Techniques. 

Introduction 

Various  LiM02  compounds  with  layer  structures  have 
attracted  great  interest  as  cathode  materials  for  secondary 
lithium  batteries.  Among  them  LiCo02  has  been  utilised 
in  commercial  battery  systems  [1].  LiNi02  and  LiV02 
have  also  been  studied  [2,3].  Lithium  extraction  from 
LiCu02  would  also  be  of  interest  because  Lii.xCu02 
cathode  might  produce  a  very  high  voltage.  However 
previous  work  in  this  laboratory  has  shown  that  the 
synthesis  of  LiCu02  by  the  solid-state  calcination  method, 
even  under  high  oxygen  pressure  results  in  the  formation 
of:  Li2Cu02,  Li3Cu204  [4]  and  CuO  rather  than  LiCu02. 
We  present  here  the  synthesis,  the  structure  and  the 
electrochemical  properties  of  the  layered  compounds 
Li3Cu204  and  Li2(Nao687Lio3i3)Cu204 

Description  of  the  structure  of  Li3Cu204 

The  structure  contains  square-planar  Cu04  units  parallel 
to  the  b  direction  linked  via  their  edges  to  form  infinite 
chains  of  the  stoichiometry  Cu02.  This  gives  rise  to  layers 
perpendicular  to  the  c  direction.  The  layers  are  separated 
by  lithium  atoms  occupying  tetrahedral  sites  derived  from 
oxygen  atoms  in  three  separate  cuprate  chains.  The 
remainder  of  the  lithium  ions  occupy  an  elongated 
octahedral  oxide  ion  cavity. 

Experimental 

Li3Cu204  and  Li2(Nao.687Lio.3t3)Cu204  were  synthesised 
from  Li20  and  CuO  under  high  pressure  oxygen  at  700°C 
and  250  atm  for  3  hours.  The  electrochemical  tests  were 
conducted  in  a  threc-electrode  cell.  The  working  electrode 
was  a  mixture  of  60  wt.%  active  material,  20  wt  .% 
carbon  black  and  20  wt.%  polytetrafluoroethylene  (PTFE) 
binder.  Electrode  pellets  (diam:  14  mm,  thickness: 
0.3mm)  were  generated  from  this  mixture  and  were 
compression  moulded  on  a  mesh.  The  reference  and 
counter  electrodes  consist  of  Li  metal  foil  and  the 
electrolyte  of  1  M  LiPF6  in  a  1:1  (volume  ratio)  mixture 
of  ethylene  carbonate  (EC)  and  dimethyl  carbonate 


(DMC).  All  the  electrochemical  tests  were  performed  at 
room  temperature  with  home-built  galvanostatic  and 
potentiostatic  systems.  Constant-current  charge -discharge 
studies  were  carried  out  between  2V  and  4.6  V  at  a 
current  density  of  1.6  mA/cm2.  In  the  cyclic  voltammetry, 
voltage  was  scanned  at  the  scan  rate  0.1  mV/s. 

Results 

The  Li3Cu204  and  Li2(Nao687Lio3i3)Cu204  cells  delivered 
discharge  capacities  of  90  and  50  mAh.g'1  respectively 
during  which  ~0.7  and  ~0.4  lithium  ions  were  inserted 
respectively. 

The  oxidation  reaction  Cu2+— >  Cu3+  occurs  at  a  higher 
potential  in  Li2(Nao687Li0.3t3)Cu204(3.8  V)  than  in 
Li3Cu204  (3.4  V).  However  the  capacity  to  a  4.5V  limit  is 
larger  in  Li3Cu204and  the  capacity  fade  on  cycling  is 
reduced. 


Capacity  (mAh/q) 

Fig.2:  Early  charge-discharge  curves  of 
Li2(Nao.687Lio.3i3)Cu204at  1.6mA/cm2  between  2  Vand 
4.6V 
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Thin-film  lithium  microbatteries  provide  the  best  power 
sources  for  miniature  microelectronic  devices  such  as 
back-up  power  for  computer  memory  chips, 
micromechanics  and  ultra-thin  watches!  1].  The 
preparation  of  thin-films  plays  a  critical  role  in 
manufacture  of  thin-film  microbatteries.  Many 
techniques,  including  CVD,  e-beam  evaporation,  pulse 
laser  deposition  (PLD)  and  sol-gel,  can  be  used  to 
produce  thin  films.  Laser  ablation  has  several  advantages. 
It  can  deposit  thin-films  with  complex  stoichiometries, 
high  deposition  rate,  uniform  thickness  and  no 
requirement  for  post  annealing  treatment^]. 

The  thin-film  electrodes  of  LiNio.8Coo.2O2  were  deposited 
by  pulse  laser  ablation.  The  x-ray  diffraction  showed  that 
the  thin  films  have  the  same  phase  as  the  target.  The 
morphology  was  observed  by  AFM  as  shown  in  Fig.  1. 
The  average  thickness  of  the  thin  films  was  measured  to 
be  approximately  620  nm. 

The  thin-film  electrodes  have  a  structure  and  geometry 
without  pores,  conductive  additives  or  binders.  This 
provides  a  pure  and  clean  interface  for  fundamental 
electrochemical  study.  A  variety  of  electrochemical 
measurements  were  performed  on  the  LiNio.8Coo.2O2  thin- 
film  electrodes.  Galvanostatic  charge/discharge  cycling 
was  used  to  determined  the  capacity  and  cycle  life  of  thin- 
film  electrodes.  The  kinetic  parameters  of  lithium 
insertion  and  extraction  in  LiNio.gCoo202  thin-films  were 
determined  from  AC  impedance  and  cyclic  voltammetry 
measurements.  The  CV  curves  of  one  of  these  electrodes 
are  shown  in  Fig.  2.  Three  oxidation  and  reduction  peaks 
were  observed,  which  might  correspond  to  the  phase 
transformation  of  the  LiNio.gCoo.2O2  phase  during  lithium 
intercalation  and  de-intercalation. 

The  pulse  laser  ablation  technique  can  be  used  to  produce 
thin-films  with  high  quality.  Therefore,  thin-film  lithium 
microbatteries  could  also  be  manufactured  via  this 
technique. 
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Fig.l.  AFM  surface  morphology  of  a  LiNio.8Coo.2O2  thin 
film. 


Fig.  2.  The  cyclic  voltammetry  curves  of  LiNio.gCoo.2O2 
thin-film  electrodes. 
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Introduction 

Layer  LiCo02,  layer  LiNi02,  and  spinel  LiMn204  are 
common  cathode  materials  for  today’s  high  energy  density 
and  long  life  lithium-ion  batteries.  Since  these  oxides  have 
low  intrinsic  electronic  conductivities,  they  have  to  be 
mixed  with  a  conductive  additive  such  as  carbon  black  to 
form  a  working  cathode.  Jang  et  al.m  reported  recently  that 
the  cell  capacity  can  fade  rather  severely  if  the  carbon 
content  in  the  LiMn204  cathode  is  low.  Excess  carbon  may 
be  advantous  for  cyclability  but  the  cell  energy  and  power 
densities  are  necessarily  lower  after  the  addition.  It  is 
therefore  important  to  optimize  the  amount  of  carbon  in 
working  cathodes. 

In  this  paper,  we  report  the  effects  of  carbon  loading  on  the 
electrochemical  performance  of  LiCo02  and  LiMn204 
cathodes.  Polarization  losses  and  capacity  losses  upon 
cycling  were  examined  for  different  carbon  loadings,  and 
electrochemical  impedance  spectroscopy  was  used  to 
determine  the  major  factors  affecting  long-term  cyclability. 

Experimental 

LiCo02  was  prepared  by  reacting  stoichiometric  amounts  of 
CoC03  and  Li2C03  in  air  for  24h  at  850°C.  Spinel  LiMn204 
was  prepared  by  heating  stoichiometric  amounts  of  Li2C03 
and  MnC03  in  air  for  24h  at  450°C,  followed  by  another 
24h  at  750°C.  The  crystal  structures  of  the  oxides  were 
determined  by  X-ray  diffraction.  LiCo02  and  LiMn204  were 
mixed  with  2-10%  of  carbon  black  (except  stated  otherwise) 
and  8%  of  PVDF  in  NMP,  and  coated  onto  A1  disk 
electrodes  1.6cm  in  diameters.  The  electrolyte  was  1M 
LiPF6  in  a  1:1  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC).  Lithium  foils  were  used  as  the 
counter  and  the  reference  electrodes  in  the  electrochemical 
measurements.  Cyclic  voltammetry  and  battery  life  cycle 
tests  were  carried  out  on  an  EG&G  model  273 
potcntiostat/galvonostat  and  a  Bitrode  battery  tester, 
respectively. 

Results  and  discussion 

At  the  low  charging  rate  of  0.2C,  carbon  content  does  not 
affect  the  charge  and  discharge  capacities  of  LiCo02  and 
LiMn204.  The  LiCo02  electrode  is  however  highly 
sensitive  to  carbon  loading  at  higher  rates  of  charging.  At 
1C  rate,  for  instance,  higher  charge  and  discharge  capacities 
are  obtained  with  10%  of  carbon  loading  relative  to  2%  and 
5%  of  carbon.  The  charge  and  discharge  capacities  of 
LiMn204  electrodes  at  the  1C  rate  are  not  as  dependent  on 
the  carbon  content,  showing  only  a  general  reduction  in  the 
capacity  at  the  higher  charging  rate. 

A  typical  cyclic  voltammogram  of  the  LiCo02  electrode  in 
shown  in  Fig. la.  Three  clearly  resolved  redox  pairs  can  be 
identified:  the  peaks  at  3.93V,  4.08V,  and  4.18V  due  to  Li+ 
intercalation,  and  the  corresponding  peaks  at  3.90V,  4.07V, 
and  4.17V  due  to  Li+  de-intercalation  are  in  good  agreement 
with  the  results  of  Plichta[2|(  Dahnl3]  and  Uchidaf4).  LiCo02 
electrodes  with  10%  of  carbon  show  stronger  and  sharper 
peaks  than  that  loaded  with  2%  of  carbon,  where  only  broad 
and  indistinct  features  indicative  of  a  disordered 
electrochemical  response  were  obtained.  The  pasted- 
cathode  is  a  resistive  and  porous  system  where  clean 
electrochemical  response  can  only  be  obtained  using  excess 
carbon  (e.g.  10%  carbon  loading)  and  very  slow  scan  rates. 
In  the  cyclic  voltammogram  of  LiMn204  in  Fig. lb,  the 
anodic  and  cathodic  features  around  4.2V  and  3.9V 
respectively  pertain  to  the  reversible  oxidation  and 
reduction  reactions  in  Li+  extraction  and  insertion.  The 
peaks  are  split  which,  according  to  Tarascon  and 
Guyomard|5},  are  indications  of  insertion  and  extraction 
reactions  occurring  in  stages.  The  integrated  areas  below  the 
two  oxidation  (or  reduction)  peaks  are  approximately  equal, 
suggesting  that  in  each  stage  Li+  ions  occupy  half  of  the 
total  available  crystallographic  sites.  The  splitting  in  the 


voltammograms  is  most  easily  detected  for  10%  carbon 
loading  of  the  LiMn204  electrode,  but  the  effects  of  carbon 
loading  on  the  voltammogram  is  not  as  sensitive  as  in 
LiCo02  electrode.  This  is  consistent  with  results  from 
galvanostatic  charging. 

The  cyclability  of  LiCo02  and  LiMn204  electrodes  with  2% 
and  10%  of  carbon  loadings  were  examined.  At  1C 
charging  rate,  capacity  fade  is  higher  in  electrodes  loaded 
with  2%  of  carbon.  Cyclability  improves  generally  at  lower 
rates  of  charging.  LiCo02  with  10%  of  carbon  cycles  well 
but  electrodes  with  only  2%  of  carbon  still  fare  poorly.  The 
effects  on  carbon  loading  on  the  cyclability  of  LiMn204 
electrodes  are  similar.  Carbon  abundance  is  therefore 
beneficial  to  cyclability.  This  advantage  is  however  realized 
at  the  expense  of  lower  energy  and  power  contents  of  the 
resulting  cells,  as  electrically  conductive  but 
electrochemically  inactive  carbon  necessarily  adds  weight 
and  volume  to  the  cells.  Good  capacity  retention  (at  1C 
charging  rate)  may  be  obtained  in  practice  with  5%  or  more 
of  carbon  in  the  LiCo02  and  LiMn204  cathodes.  The 
reduced  discharge  capacity  after  charging  at  the  1C  rate  is 
due  to  incomplete  charging  from  deteriorating  electrical 
contact  between  oxide  and  carbon  particles,  which  increases 
the  cathode  polarization. 
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Fig.  1  Cyclic  voltammograms  (at  0.03mV/s)  lor  (a)  LIC0O2. 
and  (b)  UMn204  cathodes  ot  different  carbon  loadings. 
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Introduction 

Various  transition  metal  oxides  have  been 
studied  as  cathode  materials  of  rechargeable  lithium 
battery.  Because  of  easy  preparation  and  high  theoretical 
specific  capacity,  LiCo02  is  mostly  used  as  the  cathode 
material  of  commercial  secondary  lithium  battery.  But  its 
high  cost  limits  the  further  expansion  of  the  application 
for  lithium  battery.  Introduction  of  A1  ion  into  the 
structure  of  LiCo02  may  reduce  the  cost  and  stabilize  the 
layered  solid  [1,2],  but  the  discharge  capacity  is  low.  The 
focus  of  this  study  is  to  investigate  silicon-doped  LiCo02 
as  cathode  materials  for  lithium  secondary  battery. 
LiCo02  and  silicon-doped  LiCo02  cathode  materials  were 
prepared  by  solid  state  reaction.  Structure  characterization 
of  the  oxides  LiSiyCoi_y02  has  been  performed  by  X-ray 
diffraction.  Electrochemical  characterization  of  the 
prepared  materials  as  cathode  for  lithium  battery  has  been 
investigated  by  using  galvanostatic  charge  and  discharge, 
electrochemical  voltage  spectroscopy  and  cyclic 
voltammetry. 

Result  and  Discussion 

LiCo02  and  silicon-doped  LiSiyCo!.y02  cathode 
material  were  prepared  by  mixing  stoichiometric  amount 
of  Li,  Si,  Co  salt  and  then  calcining  in  air  for  24h.  The 
crystal  structure  of  LiSiyCo,.y02(y=0,  0.05,  0.10,  0.15, 
0.20,  0.30)  was  characterized  by  X-ray  diffraction(XRD) 
and  powder  XRD  pattern  was  recorded  using  Cu  K* 
radiation.  Figure  1  shows  the  XRD  pattern  for  the  silicon- 
doped  LiSiyC0].yO2  cathode  materials.  Impurity  of  the 
prepared  cathode  materials  is  observed  when  the  silicon 
content  is  above  0.1. 

The  LiSiyCo,.yO2(y=0,  0.05,  0.10,  0.15,  0.20, 
0.30)  electrodes  was  prepared  by  casting  a  mixed  slurry  of 
the  prepared  materials,  acetylene  black,  PTFE  binder 
(80:10:10)  onto  aluminum  foil.  The  composite  electrodes 
were  dried  under  vacuum  at  120°  for  at  least  12h  before 
use.  The  charge  and  discharge  cycle  test  was  conducted  in 
the  voltage  range  of  3. 30-4.25 V  at  the  current  density 
8mA/g.  A  three  electrode  electrochemical  cell  was 
employed  for  electrochemical  measurement  in  which 
lithium  foil  was  used  for  both  reference  and  counter 
electrodes.  Figure  2  shows  the  first  discharge  curves  of 
LiSiyC0].yO2  at  y=0.10,  y=0.20  and  0.30.  Although  there 
is  impurity  in  the  prepared  cathode  material  when  the 
silicon  content  is  0.2,  its  first  discharge  capacity  is  112 
mAh/g.  But  decline  of  the  first  discharge  capacity  is 
observed  with  increase  of  silicon  content  of  the  cathode 
materials.  It  can  be  explained  by  the  high  coexisting 
impurity  when  silicon  content  is  high. 
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Figure  1  X-ray  diffraction  pattern  of  silicon- 
doped  LiSiyCo1.y02  cathode  material 


Figure  2  Discharge  curves  illustrating  the 
capacity  of  the  oxides  LiSiyCoi.y02  at  discharge  current 
density  8  mA/g. 
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Lithium  polymer  batteries  (LPB)  have  a  great 
potential  for  numerous  practical  applications  varying 
from  the  microbatteries  for  portable  electronics  to  the 
power  sources  for  electric  vehicles.  To  the  present  time, 
various  electrolytes  and  electrode  materials  have  been 
tested  in  order  to  optimize  the  batteries.  It  is  clear  that 
along  with  the  properties  of  each  battery’s  component 
themselves,  the  electrode-electrolyte  interfacial  behavior 
determines  in  a  large  extent  the  performance. 

It  has  been  found  that  a  layer  appears  on  the 
lithium  electrode  surface  when  it  is  stored  or  cycled  in  an 
electrolyte  [1].  The  mechanism  of  formation  of  this 
passivating  layer  (or  solid  electrolyte  interface,  SEI)  and 
its  physico-chemical  properies  have  been  intensively 
studied  by  various  techniques  [1-5].  Now  it  is  generally 
accepted  that  only  in  the  case  of  alkali-metal  electrodes 
(due  to  their  extremly  high  reactivity)  a  SEI  may  appear 
already  at  contact  with  an  electrolyte,  without  applied 
potential  [2,3].  For  all  other  commonly  used  electrode 
materials,  formation  of  the  passivating  layer  is  believed  to 
start  after  the  first  charge/discharge  cycle,  and  no  signs  of 
reduction  of  the  electrolyte  or  electrode  material  solely 
due  to  the  contact  between  them  have  been  observed  [5]. 

However,  in  recent  study  [6]  we  found  that  some 
new  compounds  or  functional  groups  appear  on  the 
surface  of  LiNi0 .75C00.25O2  -  based  electrode  during  the 
storage  in  non-aqueous  organic  electrolytes.  Moreover 
the  type  of  those  compounds  depends  on  the  type  of 
electrolyte  used  (see  Fig.  1 ).  It  was  therefore  suggested 
that  the  appearance  of  new  compounds  on  a 
LiNi0  7-jCoo  25O2  surface  is  due  to  a  decomposition  of  the 
electrolyte  components. 

In  this  work  we  report  on  results  of  an  extended 
spectroscopic  investigation  of  the  behavior  of  several 
typical  electrode  materials  in  contact  with  organic  non- 
aqueous  electrolytes.  The  electrodes  have  been  stored  in 
various  electrolytes  over  timess  varying  from  1  to  4 
weeks  and  then  examined  by  IR  diffuse  reflectance  and 
Raman  spectroscopy.  An  analyzis  of  the  newly  formed 
compounds  is  presented.  The  dependence  of  the  layer 
composition  on  the  type  of  electrolyte  is  discussed  along 
with  some  possible  mechanisms  of  layer  formation. 

In  addition,  we  observed  a  significant  alteration  of 
the  ’’real”  SEI,  which  has  been  previously  formed  on  the 
electrode  surface  by  electrochemical  cycling,  during  the 
storage  of  the  samples  in  liquid  electrolyte.  This  finding 
agrees  well  with  the  results  of  electrochemical 
investigation  [7],  where  degradation  of  SEI  layer  on 
carbon-based  electrodes  at  storage  was  reported.  The 
reasons  of  this  phenomenon  are  also  discussed. 


Fig.  1.  IR  diffuse  reflectance  spectra  of  LiNi0  75C00  25O2  - 
based  cathode:  1  -  initial;  2  -  after  10  days 
storage  in  1M  LiC104  -  PC;  3  -  after  10  days 
storage  in  1M  LiPF6  -  EC/DMC. 
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Improved  cycle  performance  of  orthorhombic 
LiMno.95.xMxCro.05O2;  M=A1,  Ga,  Yb,  Y  and  In, 

synthesized  by  hydrothermal  technique 
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The  effect  of  Mn  substitution  by  other  trivalent 
elements  on  the  cycle  performance  was  examined  for  the 
orthorhombic  manganese  oxide  (o-LiMn02).  Though 
Ozuku,  et.al.  [1]  reported  high  capacity  up  to  190mAh/g, 
irreversible  phase  transformation  occurred  from 
orthorhombic  to  spinel  related  structure  during  first  charge 

[2].  So,  this  suggested  poor  cycle  performance  causing  to 
the  phase  transformation.  If  the  phase  stability  was 
achieved,  the  cycle  performance  seemed  to  be  improved. 

Samples  were  synthesized  by  hydrothermal 
technique  [3],  Concerning  to  the  reproducibility  of  fine 
powders,  this  process  is  superior  to  the  conventional  solid 
state  reaction  method  [4].  In  this  work,  powders  having 
average  grain  size  of  800nm  were  synthesized.  Resulted 
powders  were  characterized  by  X.R.D.,  T.E.M. 
observations  and  charge-discharge  properties. 

For  the  preparation  of  electrodes,  the  recipe  is 
mainly  based  on  Richard's  conditions  [5].  As  grain  size 
of  cathode  powders  should  be  different,  condition  of 
preparing  cathode  electrode  was  carefully  refined. 
Cathode  films  with  10mm  x  10mm  each  were  settled  on 
both  side  of  500-meshed  A1  current  corrector,  and  hot 
pressed  by  applying  24kgf/cm2  for  5min  at  130C. 

Cycle  performances  were  evaluated  by  measuring 
charge  and  discharge  properties  using  open  cells 
assembled  under  the  dry  Ar  atmosphere.  Counter  and 
reference  electrodes  were  consisting  of  Li  foil.  The 
electrolyte  composition  was  1.0M  of  LiPF6  in  a  mixture  of 
ethylene  carbonate  and  propylene  carbonate  in  a  volume 
ratio  of  1:1.  This  electrolyte  was  selected  by  the  reason 
for  the  stability  of  high  voltage.  Cells  were  charged  by 
cvcc  mode  and  discharged  cc  mode,  respectively. 
Charging  up  to  4.3V,  current  density  was  20mA/cm2. 
After  potential  reached  to  4.3V,  current  density  was 
decreased  continuously  in  order  to  keep  the  same  potential 
until  the  scheduled  period  had  passed.  Discharging  down 
to  2.5V,  current  density  was  lOmA/cm2. 

Fig.l.  Shows  cycle  performances  of  LiMno.95- 
xMxCr0.05O2  samples.  All  of  samples  are  confirmed  to  be 
single  phase  by  x-ray  diffraction.  Discharge  capacities 
are  monotonically  decreased  for  the  samples  consisting  of 
the  combinations  of  (Al,  Cr,  Mn),  (Ga,  Cr,  Mn)  and  (Y, 
Cr,  Mn).  In  other  samples  consisting  of  the  combinations 
of  (Yb,  Cr,  Mn)  and  (In,  Cr,  Mn),  cycle  performance  are 
found  to  be  improved.  It  can  be  said  that  controlling 
average  ionic  radius  larger  than  0.645A  is  effective 
method  for  this  propose. 

Fig.2  shows  the  x-ray  diffraction  patterns  of 
Li M n0.95.x InxCro 05O2  samples.  Solid  solution  of  0- 
LiMn02  is  exhibited  in  the  composition  range  between  0 
and  0.03.  Reduction  of  crystalline  size  or  increasing 
strain  of  crystalline  seem  to  be  reasons  why  the  diffraction 
peaks  are  broadened  at  x=0.03.  In203  is  obtained  as  an 

impurity  phase  at  x=0.05,  which  exhibit  rapid  degradation 
of  cycle  performance. 

As  the  result  of  our  study,  it  is  concluded  that 
improved  cycle  performance  is  achieved  around  the 
solubility  limit  of  o-LiMn02,  whose  average  ionic  radius 


at  Mn  site  is  controlled  to  be  larger  than  0.645A  of 
trivalent  Mn. 
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supported  by  the  New  Energy  and  Industrial  Technology 
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Fig.l  Cycle  performance  of  LiMno.95.xMxCro.o502  samples 
obtained  by  hydrothermal  technique.  Average  ionic 
radius  at  Mn  site  is  varied  from  0.638  to  0.659A  by 
controlling  the  combinations  of  additive  elements;  M  and 
content;  x. 


10  15  20  25  30  35  40 

2theta 


Fig.2  x-ray  diffraction  patterns  of  LiMn0.95.xInxCr0.05O2 
samples  obtained  by  hydrothermal  technique.  Peaks 
belonging  to  LiMn02  are  indexed  by  orthorhombic  unit 
cell  of  a=4.57A,  b=5.75A  and  c=2.81A.  It  is  found  that 
solid  solution  of  o-LiMn02  is  formed  where  x  is  smaller 
than  0.03.  Broadened  diffraction  peaks  are  observed  at 
the  increased  content  range.  In203  as  an  impurity  phase 
formed  by  excess  In  at  x=0.05. 
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The  preparation  of  oxide  materials 
by  oxidation  of  aqueous  solutions  is 
well  known  and  the  preparation  of 
V205  by  oxidation  of  V0S04  solutions 
has  been  reported  recently  [1,2]. 
Vanadium  oxides  are  among  the  most 
studied  cathode  materials  for 
rechargeable  Li-metal  batteries  and 
vanadium  oxide-based  compounds 
present  good  performance  in  terms  of 
specific  capacity  and  cyclability 
[3]  and  can  be  considered  as  the 
short-term  alternative  for  Li-metal 
batteries.  This  paper  reports  the 
preparation  of  new  vanadium-based 
compounds  by  oxidation  of  mixtures 
of  V0S04  and  MS04  solutions  (with 
M=Cu ,  Ni,  Mn) . 

The  synthesis  was  performed  by 
applying  a  constant  current  density 
or  voltage  at  a  platinum  electrode 
immersed  in  the  aqueous  solution. 
After  being  collected  by  scraping 
the  Pt  electrode,  samples  were  first 
rinsed  with  distilled  water  and  then 
dried  at  room  temperature.  An 
annealing  procedure  of  1  hr  at  1OO0C 
under  vacuum  was  used  in  order  to 
dehydrate  the  samples  in  view  of 
further  Li  insertion  experiments.  A 
combination  of  X-ray  analyses,  TGA, 
redox  titrations,  X-ray  electron 
spectroscopy  and  X-ray  absorption 
spectroscopy  was  used  to 
characterize  the  samples.  Composite 
electrodes  were  prepared  by  mixing 
the  active  material,  a  carbon  black 
(Super-P  from  Chemetals  Inc., 
Baltimore,  MD,  USA)  and  a  binder 
( polyvinyl idene  difluoride:  PVDF) 
with  the  massic  ratio  (85:10:5)  and 
coating  the  mixture  onto  an  Al  disk 
serving  as  the  current  collector. 
Standard  laboratory  swagelok  test 
cells  were  used  with  the  composite 
electrode  as  the  positive  and  Li 
metal  as  the  negative,  separated 
with  glass  paper  soaked  in  the 
electrolyte.  The  electrolyte  was 
made  of  1M  LiPF6  dissolved  in  a  2:1 
mixture  of  ethylene  carbonate  (EC) 
and  dimethyl  carbonate  (DMC) .  The 
cells  were  tested  using  the  Mac-Pile 
system  (Biologic,  Claix,  France) 
operating  in  galvanostatic  or 
potent iodynamic  mode  between  4  and  2 
V/Li  . 

By  oxidizing  pure  V0S04  solutions, 
hydrated  vanadic  acids,  containing 
both  VIV  and  W  are  obtained  [2] . 
Their  formulation  can  be  written 
V2 05.2-7/2. nH20 ,  where  0.08<??0.4 
and  0.2<n?2.  When  the  mixture  of 


V0S04  +  CuS04  (or  NiS04)  is 
oxidized,  the  Cu2+  (or  Ni2+)  cations 
are  incorporated  into  the 
electrodeposited  products .  Taking 
into  account  the  VIV/Vtotal  ratio 
(15%)  of  the  products,  their 
formulation  can  be  formally  written 
Cu (or  Ni) 0 . 15V205 .nH20  (l.l?n?1.3). 
When  the  oxidation  is  performed  in 
the  presence  of  MnS04 ,  Mn2+  and  V02+ 
are  oxidized  simultaneously,  and  the 
products,  that  contain  mainly  W  and 
MnlV  have  the  formulation 
MnO . 2V204 .9.1. 7H20  [4] . 

Upon  the  annealing  procedure  of  1  hr 
at  lOOoC  under  vacuum  the  water 
content  of  all  compounds  is 
comprised  between  0.2  and  0 . 4H20  per 
formula  unit,  but  the  VIV,  W,  MnlV, 
Cull  (or  Nill)  contents  are  not 
modified. 

The  electrochemical  behavior  of  the 
different  compounds  was  compared  to 
results  obtained  previously  on  pure 
vanadium  oxides  with  the  same  VIV 
content  [2] .  The  various  compounds 
can  be  differentiated  from  their 
slightly  different  lithium  insertion 
behavior.  As  a  matter  of  fact,  the 
presence  of  nickel  or  copper  induces 
an  increase  of  the  average  voltage 
and  a  decrease  of  the  intercalation 
capacity  (Figure) ,  while  the 
presence  of  manganese  improves  the 
cycling  behavior. 


[1]  -  Y.  Sato,  T.  Nomura,  H.  Tanaka 
and  K .  Kobayakawa ,  J . 

Electrochem. Soc . ,  138(9)  (1991)  L37 

[2]  -  E.  Potiron,  A.  Le  Gal  La 
Salle,  A.  Verbaere,  Y.  Piffard  and 
D.  Guyomard,  Electrochim.  Acta,  45 
(1999)197 

[3]  -  D.  Guyomard,  in  "New  Trends  in 
Electrochemical  Technology  :  Energy 
Storage  Systems  for  Electronics", 
Editors  :  T.  Osaka  &  M.  Datta, 
Chapter  Cl-9,  1999,  253. 

[4]  -  A.  Le  Gal  La  Salle,  E. 

Potiron,  S.Sarciaux,  D.  Guyomard  and 
Y.  Piffard,  J.  New  Mat.  Electrochem. 
Syst.,  1(1)  (1998)  89 


Abstract  No.  158 


Synthesis  by  Sol-gel  Process  and  Characterization  of 
LiCrxMn2.x04  Cathode  Materials 

Tang  Zhi yuan  Li  Jiangang  XueJianjun  Cao  Gaoping 

School  of  Chemical  Engineering  and  Technology, 
Tianjin  University,  Tianjin,  300072,  China 

Doping  spinel  lithium  manganese  oxide  with  chromium 
have  been  reported  to  be  an  effective  way  for 
improvement  of  its  rechargeability11 31.  In  these  studies, 
the  spinels  have  been  synthesized  using  traditional  solid- 
state  reaction,  which  may  result  in  non-homogeneity, 
abnormal  grain  growth,  and  poor  control  of  stoichiometry. 
In  the  present  study,  we  adapted  a  sol-gel  method  to  the 
synthesis  of  LiCrxMn2_x04  (x=0.05,0.20).  This  process 
can  provide  for  homogeneity  on  an  atomic  scale.  Using 
the  sol-gel  method,  it  is  possible  to  obtain  the  phase-pure, 
ultrafine  LiCrxMn2-xC>4  by  employing  temperatures  as  low 
as  600*  for  several  hours.  The  results  of  a  series  of 
electrochemical  tests  have  revealed  that  the  LiCrxMn2.x04 
materials  obtained  by  the  sol-gel  method  can  offer  high 
capacity  and  good  rechargeability. 

LiCrxMn2.x04  were  prepared  by  dissolving  metal 
nitrates  into  citric  acid  solution  ,  evaporating  the  solvent 
to  form  polymeric  precursor,  then  calcining  the  precursors 
in  air  at  various  temperatures  for  6h,  For  phase 
identification,  a  X-ray  diffraction  with  Cu-K*  radiation 
was  used.  The  formation  process  for  spinel  was 
investigated  by  thermal  analysis  at  a  heating  rate  of 
10*  /min  from  room  temperature  to  800*  in  air . 
The  cathode  materials  surface  areas 
were  determined  by  the  BET  method  using 
a  CHEMBET- 3000  instrument.  The 
electrochemical  cell  was  used  a  two 
electrode  Swagelock  cell  consisted  of  a 
lithium  metal  anode  and  a  LiCrxMn2.x04 
cathode  that  were  separated  by  a  separator  (Celgard  2500 
membrane).  The  cathodes  were  prepared  by  pressing  a 
blend  of  active  material  (15mg),  acetylene  black  (5mg) 
and  PTFE  (5  mg)  onto  a  A1  mesh.  The  electrolyte  solution 
was  1M  LiPF6  /EC+DEC  (1:1)  solution.  Cell  fabrication 
was  carried  out  in  an  Ar-filled  dry  box  (MBI50-BG, 
M. BRAUN).  Constant-current  charge-discharge  studies 
were  controlled  with  a  battery  cycler.  Charge-discharge 
studies  tests  were  performed  at  constant  current  density 
(0.2  mA/cm2  )  with  cutoff  potentials  of  3.35  to  4.3  V  vs. 
Li/Li= . 

The  TGA  and  DTA  result  shows  that  the  formation 
of  the  spinel  phase  product  is  completed  at  about  400*  , 
but  the  XRD  patterns  (Fig.  1)  of  the  gel-derived  materials 
calcinated  at  various  temperatures  demonstrates  that  the 
thermal  treatment  at  400*  only  for  6h  cannot 
lead  to  a  pure  mono-phase  product .  A 
single  phase  of  chromium- doped  LiMn204  is 
formed  when  the  material  is  calcinated  at  600*  .  This 
result  strongly  suggests  that  the  sol-gel  preparation 
method  requires  lower  calcination  temperature  and  shorter 
calcination  time  than  the  solid-state  reaction  where  the 
calcination  temperature  is  almost  750*  and  the 
calcination  time  is  more  than  24h. 
Crystallinity  and  growth  of  grain  size 
increase  with  increasing  firing 
temperature.  This  is  consistent  with 
the  BET  results,  which  shows  that  the 
surface  area  of  the  LiCro,2Mni.804  material 
decreases  from  13.1  to  5.2  m/g  as  the 
firing  temperature  is  raised  from  600* 
to  800*  . 


The  effect  of  calcining  temperature  on  the  specific 
capacity  is  displayed  in  Fig.  2  .Lower  capacity  of  the 
samples  fired  at  400  and  500*  corresponds  to  the  lower 
crystallinity  and  impury  phase.  The  first  discharge 
capacity  decreases  slightly  from  a  temperature  higher  than 
700*  ,  which  may  be  attributed  to  a  disturbed  structure 
that  results  from  weight  loss  by  the  sample  at  high 
temperatures141.  The  suitable  calcinating  temperatures  for 
higher  capacity  is  600-700  •  .  Fig.  3  shows  the  cyclability 
of  LiCrxMn2.x04  materials  fired  at  600*  .  LiCr- 
0.05Mni.95O4  and  LiCr0.2oMni.go04  initially  delivered  138 
and  108  mAh/g,  remained  at  128  and  106  mAh/g 
respectively  at  the  tenth  cycle,  which  is  about  10  percent 
higher  than  the  samples  obtained  from  the  solid-state 
reactions. 
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Soc.,  143,  178  (1996) 
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76,  81  (1998) 
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Electrochem.  Soc.,  141,  1421  (1994) 


Fig.  1  XRD  patterns  of  LiCr02oMni.8o04 
(a)400*  (b)  600*  (c)800* 


Fig.  2  Dependence  of  specific  capacity  on  calcining 
temperature 


Fig.  3  Capacity  vs.  Cycle  number  for  Li/  LiCrxMn2.x04 
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One  of  the  methods  increasing  a  cycling 
efficiency  of  layered  (LiMe02,  Me=Ni,  Co,  Mn)  and 
spinel  (LiMn204)  compounds  in  the  cathodes  of 
lithium  accumulators  is  a  partial  substitution  of 
transient  metals  (Me)  by  other  component  (Me1), 
stabilising  the  structure  of  cathode  material  with  the 
final  stoichiometry 

LiMei.x  Me’x02  and  LiMn2.xMe'x04  (Me'=Al, 
Cr,  Mg,  Ni,  Co,  etc).  It  is  known  that  cycling 
efficiency  of  Li-Nii_xCox02  from  the  chemically  co¬ 
deposited  Ni-Co  -  precursors  increases  as  compared 
with  the  same  precursors  obtained  separately.  The 
mentioned  effect  enables  to  suppose  that 
electrolytically  co-deposited  transient  metals  oxides 
may  be  highly  promising  for  the  synthesis  of 
lithiated  oxide  cathode  materials  with  increased 
cycling  efficiency. 

The  electrolysis  opens  the  new  possibilities  for 
the  correction  of  the  co-deposited  metal  oxides 
characteristics.  Changing  the  parameters  of 
electrolysis  and  the  subsequent  heat  treatment  of 
deposits  one  can  change  the  degree  of  dispersity  and 
crystallinity  of  the  deposits,  stoichiometry  of  oxides 
and  the  structure  of  crystalline  lattice  of  the 
synthesis  products  [1],  In  this  connection  the 
electrolytic  deposition  of  Co-oxide,  Mn-oxide,  the 
oxide  mixtures  of  Mn-Co,  Mn-Ni,  Mn-Co-Ni  was 
carried  out.  After  a  high-  temperature  effect  the 
electrolysis  products  were  lithiated  by  traditional 
ceramic  technology  with  the  use  of  the  lithium 
compounds  LiOH  or  Li2C03  Non-lithiated  and 
lithiated  oxide  materials  produced  have  been 
investigated.  The  electrochemical  characteristics 
have  been  determined  in  the  electrolyte: 
PC+  DME+1M  LiC104. 

Optimization  of  the  technological  parameters  of 
electrolysis  and  the  investigation  of  its  products 
began  in  terms  of  cobalt  oxides.  Co-deposits  were 
produced  from  the  acid  sulfate  electrolytes  on 
titanium  anode. 

Non-lithiated  air-dried  cobalt  oxides  (drying 
temperature  18  or  120°C  )  are  X-ray  -  amorphous. 
After  Co-oxide  annealing  (  250,  600  or  800°C,  5h) 
its  reflexes  in  X-ray  diffractogram  (d,  nm:  0,466; 
0,286;  0,244;  0,234;  0,202;  0,165;  0,155;  0,143) 
agree  with  those  of  Co304  oxide.  Absorption  IR- 
spectra  and  the  data  of  thermal  analysis  have  shown 
the  composition  change  of  electrolytic  Co-oxide  at 
annealing  above  250°  C. 


IR-spectrum  of  Co-oxide  (18  or  120°C)  has  one 
absorption  band,  showing  oxygen-cobalt  interaction 
with  a  maximum  of  594cm1'  and  the  absorption 
bands,  resulted  from  a  moisture  content  of  3430cm1' 
and  1639cm1'.  After  Co-oxide  annealing  (250,  600 
or  800°  C)  in  its  IR-spectrum  two  absorption  bands, 
cm1'  appear:  560,  864,  instead  of  one  band  at  594. 
Temperature  variation  from  250  to  800°  C  does  not 
affect  the  position  of  these  maxima  and  changes  only 
their  intensity  and  a  band  width,  indicating  oxide 
structure  ordering.  Loss  in  sample  weight,  occurring 
at  two  stages  within  the  low-temperature  range  and 
also  within  the  high  -temperature  range  followed  by 
a  heat  absorption  with  the  corresponding  Endo 
effects  (130,  275  and  860,  975°C)  is  a  feature  of  the 
TGA  data  of  electrolytic  Co-oxide.  They  are 
concerned  with  water  and  oxygen  loss. 

Galvanostatic  discharge/charge  curves  of  non- 
lithiated  Co-oxide  (800°C)  have  shown  its 
uselessness  as  a  cathode  material  for  lithium 
accumulator.  At  100  jiA/cm2  current  discharge 
voltage  is  low  (1.0V).  The  discharge  is  followed  by 
electrolyte  decomposition  with  a  gas  evolution. 
Discharge  reaction  is  irreversible.  Co-oxides  (18  and 
800°C)  were  lithiated  in  the  air  (750°C,  lOh).  On  the 
basis  of  X-ray  diffraction  analysis  data  the  lithiated 
compounds  contain  97-98%  LiCo02  and  2-3% 
Co304.  The  discharge  capacity  of  lithiated  Co-oxide 
was  116-120  Ah/kg  (W=100|w\/cm2,  E=4,2-3,5V). 
At  lithiation  the  relation  Li:  Co=  1.05:1,  taking  into 
account  that  electrolytic  Co-oxide  corresponds  to  the 
composition  of  Co304.  For  improving  cycling 
characteristics  of  cathode  material  it  is  necessary  to 
determine  the  degree  of  non-stoichiometry  of 
electrolytic  Co-oxide  depending  on  the  conditions  of 
electrolysis. 


Influence  of  doping  Co  on  the  cycling 
efficiency  of  a  spinel  structure  was  determined  with 
the  compounds  based  on  electrolytically  co¬ 
deposited  Co-Mn  oxides,  and  also  thermal  treated 
LiMn204  mixture  with  lithiated  electrochemical  Co¬ 
oxide.  The  results  of  the  investigations  will  be 
presented  separately. 


Acknowledgement 

This  work  was  supported  by  the  Ukrainian  and 
Israeli  Ministries  of  Science  within  the  framework  of 
the  joint  Ukrainian-Israeli  Binational  Project  for 
Exchange  of  Scientists  (Project  #  2m/1420-97) 

Reference 

1.  E.Shembel,  R.  Apostolova,  V.Nagimy, 
D.Aurbach  and  B.Markovsky.  //  J.Power  Sources, 
81-82,480,(1999). 


Abstract  No.  160 

Improved  LiCoCh  for  Li-ion  battery 
applications 

Yuan  Gao*,  Marina  V.  Yakovleva**,  and  John  F. 
Engel** 

FMC  Corporation,  Lithium  Division 

*  Princeton,  NJ  08543 
**  Bessemer  City,  NC  28016 

Despite  that  LiCo02  has  been  mass  produced 
and  used  as  the  cathode  material  in  most  of 
commercial  Li-ion  batteries  since  the  early 
1990s,  there  is  still  a  lot  of  research  activities  in 
the  area.  This  is  in  part  because  in-depth 
understanding  of  phase  transformations  during 
lithiation/delithiation  processes  is  important  for 
ensuring  good  electrochemical  performance,  and 
LiCo02  serves  as  a  starting  point  for  modeling 
other  lithium  metal  oxides  with  the  same  layered 
structure  of  the  R3m  symmetry,  as  these 
materials  offer  relatively  large  capacity.1'4  On 
the  application  side,  the  charge  limit  has  been 
pushed  higher  and  higher,  and  the  amount  of  Li 
taken  out  has  been  increased  from  about 
140mAh/g  to  1 60m Ah/g  equivalent  of  lithium 
or  from  0.5  Li  to  0.6  Li  per  formula  unit  of 
LiCo02.  Seemingly  good  materials  that 
performed  well  with  the  lower  delithiation  limit 
can  perform  quite  differently  with  the  larger 
delithiation  limit,  especially  when  large 
discharge  current  is  applied.  Obviously, 
materials  that  can  consistently  perform  well  with 
the  larger  delithiation  limit  are  more  desirable. 
We  were  able  to  identify  key  factors  affecting 
the  performance  with  the  in-depth  understanding 
of  the  reaction  mechanism  and  the  phase 
diagram.  Especially,  We  found  that  the 
impedance  growth  on  the  LiCo02  electrode 
upon  cycling  is  the  main  contributor  to  the 
performance  inconsistency  and  is  related  to  the 
fundamental  properties  of  the  LiCo02  itself. 
With  carefully  engineered  LiCo02,  We  were 
able  to  control  the  impedance  growth  and 
thereby  greatly  enhance  its  performance, 
especially  for  the  high  load  applications.  The 
latest  results  will  be  presented  at  the  conference. 


Discharge  Signature-curve  at  10th  Cycle 


Discharge  Signature-curve  -  Change  between  10th  and  50th  Cycle 
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Nanocrystalline  Ti02  is  a  promising  negative  electrode 
material  for  rocking  chair  battery  assemblies  [1].  It  has 
been  cycled  against  LiCo02  demonstrating  its  ability  to 
insert  up  to  over  0.5  Li/Ti.  Ti02,  as  a  mesoscopic  insertion 
compound,  has  been  further  investigated  using  zirconium 
as  a  stabilization  component  [2].  Ti02  has  a  tendency  to 
undergo  thermal  induced  crystalline  growth,  accompanied 
by  partial  phase  transformation  to  rutile.  The 
nanoarchitectured  Ti02/zirconium  materials  proved  to  be 
resilient  against  these  transformations,  and  could 
potentially  make  them  amenable  for  battery  applications.  It 
is  therefore  of  interest  to  exploit  the  potential  of  Ti02  as  a 
Li-insertion  compound,  as  well  as  exploring  nanocomposite 
architectures  as  a  means  to  stabilize  and  enhance  its 
electrochemical  properties.  To  this  end,  we  have  studied 
the  Li-intercalation  cycling  properties  of  Ti02-(Mo03)z 
core-shell  nanocomposite  materials  [3].  These  materials  are 
composed  of  a  nanocrystalline  Ti02  (anatase)  core  with 
Mo03  as  a  shell.  These  materials  were  synthesized  by  a 
novel  surfactant  induced  nucleation  reaction,  the  details  of 
which  will  be  reported  in  the  near  future  [3,4].  Some  of  the 
properties  of  these  materials  are  shown  in  table  I. 

At  low  concentrations  (z  a  0.18  &  0.54)  of  Mo03,  the 
shell  only  partially  covers  the  Ti02  core  and  can  be  viewed 
as  existing  as  discrete  Mo03  islands.  At  38  wt%  (z  =  1.1) 
Mo03,  the  shell  is  a  monolayer  of  comer  sharing  Mo06 
octahedra,  and  at  44  wt%  (z  =  1.8)  it  is  a  double  layer  of 
edge  sharing  Mo06  octahedra.  It  was  our  goal  to 
understand  how  the  Mo03  shell  influences  the 
electrochemical  performance  and  properties  of  these 
materials. 

Composite  electrodes  were  prepared  by  mixing  the 
active  material  (85%  by  mass)  with  carbon  black  (Super  P. 
from  Chemetals)  (10%)  and  an  organic  binder  (PVDF) 
(5%).  The  Li  insertion  behavior  was  studied  in  two- 
electrode  cells  using  EC/DMC/LiPFfi  as  an  electrolyte.  A 
Mac-Pile  galvanostat/potentiostat  was  used  for  all  of  the 
electrochemical  experiments. 


Table  I.  Properties  of  the  synthesized  Ti02-(Mo03)7 


z  in 

Ti02-(Mo03)z 

Particle 
Size 
(in  A) 

Wt.  % 
Mo03 

Vi 

=  l/2(Vred+V0X) 
(in  Volts  vs.  Li) 

0 

100 

0 

_ 

0.18 

80 

4 

1.833 

0.36 

70 

10 

. 

0.54 

60 

17 

1.850 

1.10 

50 

38 

1.886 

1.80 

40 

44 

1.893 

Slow  rate  potentiodynamic  experiments  have  been 
performed  for  all  samples.  Figure  1  compares  the  voltage 
vs.  Li  composition  curves  recorded  for  several  compounds 
during  the  first  discharge-charge  cycle.  It  shows  that  the 


materials  insert  from  0.4  to  1  Li  per  transition  metal. 
Current-voltage  curves  are  compared  in  Figure  2.  The 
current  peaks  observed  at  Vred=1.7-I.8V  during  Li  insertion 
and  at  Vox=l.9-2.0V  during  Li  deinsertion  which 
corresponds  to  bulk  Li  insertion  within  the  Ti02  core  [I], 
No  current  peak  due  to  Li  insertion  into  Mo03  was 
observed  in  these  experiments.  The  bulk  redox  processes 
of  the  Ti02  core  appear  to  be  strongly  influenced  by  the 
extent  of  core-shell  interactions  (i.e.  Vi  is  a  function  of  the 
Ti-O-Mo  bonding  at  the  core-shell  interface).  The  Li 
insertion  voltage,  measured  by  Vi  =  l/2(Vrcd+VOJl),  is 
reported  in  Table  I  as  a  function  of  the  Mo03  shell 
coverage.  It  increases  with  increasing  coverage.  The 
interpretation  of  such  a  significant  variation  is  currently 
under  study. 

Further  experiments  are  under  way  in  order  to  verify  if 
the  observed  increase  in  Li  insertion  capacity  is  due  to  the 
increase  in  Mo03  shell  coverage,  or  from  the  decrease  in 
the  particle  size  (see  Table  I).  In  addition,  we  aim  to  get  a 
better  general  understanding  of  the  Li  insertion  properties 
of  these  novel  nanocrystalline  Ti02-(Mo03)z  core-shell 
materials. 
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Figure  1.  Comparison  of  the  voltage  -  Li  composition 
behavior  of  some  Ti02-(Mo03)t  core-shell  materials 
measured  under  potentiodynamic  conditions  (20mV/h). 


Figure  2,  Comparison  of  the  current  -  voltage  behavior  of 
some  Ti02-(Mo03)z  core-shell  materials  measured  under 
potentiodynamic  conditions  (20mV/h). 
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Introduction 

Lil+yMn2.y04  (y=0  to  0.3)  compounds  with 
spinel  structure  have  been  widely  studied  as 
promising  cathode  materials  for  lithium  batteries 
because  of  their  low  cost,  low  toxicity,  and  high 
energy  density.  Recent  studies  have  focused  on  the 
problem  of  capacity  fading  of  this  material  during 
cycling.  Early  ex  situ  x-ray  diffraction  studies  of 
LixMn204  were  performed  by  Ozhuku  et  al.'  They 
found  that  two  cubic  phases  coexist  for  0.60  >  x 
>0.27,  and  a  single  cubic  phase  is  present  for  1.0  >  x 
>0.6.  Xia  and  Yoshio2  reported  that  this  cubic  to 
cubic  phase  transition  was  suppressed  in  cathode 
materials  which  were  prepared  “lithium  rich” 
(y=0.04)  or  “oxygen  rich”.  They  also  claimed  that  this 
phase  transition  is  one  of  the  key  factors  for  the 
capacity  fading  during  cycling.  Yang  et  al3  proposed 
a  three-cubic-phase  model  with  two  two-phase 
coexistence  regions  for  these  materials  resulted  from 
in  situ  XRD  studies.  In  this  paper,  we  report  our 
studies  on  the  relationship  between  the  cycling 
performance  and  the  structural  phase  transitions  of 
these  spinel  materials  during  cycling  in  both  3V  and 
4V  regions. 

Experimental 

Lil+yMn2.y04  (y=0,  0.04,  and  0.10)  samples  were 
synthesized  by  solid  state  reactions.  Cathodes  were 
prepared  by  slurrying  Lii+yMn2.y04  powder  with  10% 
PVDF  (KynarFlex  2801,  Atochem),  and  10% 
acetylene  black  (w/w)  in  a  fugitive  solvent,  then 
coating  the  mix  onto  Al  foil.  After  vacuum  drying  at 
100  °C,  the  electrode  disks  (2.8  cm2)  were  punched 
and  weighed.  The  average  weight  of  active  material 
was  20mg.  The  electrodes  were  incorporated  into  the 
cells  with  a  Li  foil  negative  electrode,  a  Celgard 
separator  and  a  1  M  LiPF6  electrolyte  in  a  EC:DMC 
(1:1  volume  ratio)  solvent  (  LP  30  from  EM 
Industries  Inc.).  Mylar  windows  instead  of  beryllium 
windows  were  used  in  these  in  situ  cells.  In  situ 
XRD  spectra  were  collected  on  beam  line  X18A  at 
National  Synchrotron  Light  Source  (NSLS) 
operated  at  an  energy  of  10375  eV  (k=  1.1 95  A) 

Results  and  Discussion 

In  the  in  situ  XRD  spectra  of  stoichiometric 
lithium  manganese  oxide  Lii+yMn2.y04  (y=0),  during 
the  first  charge  from  3.5V  to  4.5V  at  C/6  rate,  three 


cubic  structures,  phase  I,  II  and  HI  can  be  identified. 
Nevertheless,  due  to  the  relatively  wide  range  of  the 
lattice  constant  change  of  both  phase  I  and  D,  the  two- 
phase  co-existence  region  between  phase  I  and  II  is 
not  as  clear  as  that  between  phase  II  and  m.  This  is 
also  true  for  the  XRD  spectra  during  the  subsequent 
discharge.  However,  the  two-phase  co-existence 
region  between  phase  I  and  phase  13  become  more 
prominent  than  during  the  first  charge.  After 
discharging  the  same  cell  to  1 .8  V  through  the  whole 
3V  plateau,  the  phase  transition  from  phase  I  with 
cubic  structure  to  a  tetragonal  phase  was  observed. 
Then  the  cell  was  charged  back  from  1.8  V  to  4.5  V 
again.  After  the  transition  from  the  tetragonal  phase 
to  phase  I,  three  cubic  phases  with  different  lattice 
constants  can  be  clearly  identified.  Very 

interestingly,  the  changes  in  lattice  constants  of  all 
three  cubic  phases  are  almost  negligible  during  the 
second  charge  from  3.5  V  to  4.5  V.  The  phase 
transition  from  phase  I  to  Phase  II  and  then  to  phase 
m  can  be  clearly  identified  by  the  changes  of  the 
relative  intensities  of  the  Bragg  peaks  representing 
these  three  phases.  This  is  quite  different  from  that 
seen  in  the  first  charge  and  in  a  normal  second  charge 
from  3  V  to  4.5  V,  after  a  discharge  limited  to  the  4  V 
plateau  only.  Therefore  we  conclude  that  the 
structural  changes  of  this  cathode  material  through 
the  4  V  plateau  depend  on  the  cycling  history  of  the 
cell.  In  the  in  situ  XRD  spectra  of  lithium  rich 
Li1+yMn2.y04  samples  (y=0.04  and  y=0.10),  during  the 
first  charge  from  3.5V  to  4.5V  at  C/6  rate,  the  phase 
transition  form  phase  I  to  phase  II  is  very  difficult  to 
identify  and  the  transition  from  phase  II  to  phase  in  is 
indicated  by  peak  broadening  only.  During  the  first 
discharge,  the  transition  from  phase  in  to  phase  n  and 
the  co-existence  region  between  them  are  more 
prominent  than  during  the  first  charge.  The  transition 
from  phase  H  to  Phase  in  during  charge  and  from 
phase  HI  to  phase  H  during  discharge  are  easier  to 
identify  from  the  spectra  of  moderatly  lithium  rich 
sample  (y=0.04)  than  those  from  the  y=0.10  sample. 
The  cycleability  studies  show  that  the  capacity  fading 
is  closely  related  to  the  phase  separation  in  the  XRD 
spectra.  The  less  the  phase  separation,  the  better  the 
cycleability 
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Recently  LiAlyM n2.y04.,,Fy  has  been  reported  to 
improve  the  performance  of  Li/spinel  coin  cells  at  55°C 
[1,2].  Aluminum  doping  was  reported  to  stabilize  the 
structure  and  F  substituting  for  O  in  spinel  was  reported 
to  increase  the  specific  capacity.  We  tested  A1203, 
Al(OH)3,  A1(N03)3,  A1F3,  MnF2,  and  LiF  as  potential 
sources  of  A1  and  F.  The  products  were  characterized  by 
XRD,  TGA,  Mn  titration  and  evaluated  in  coin  cells  with 
Li  metal  anodes.  The  high  temperature  performance  of 
the  most  promising  LiAIyMn2.y04  materials  was  also 
tested  in  18650  Li-ion  cells. 

The  synthesis  of  LiAIjMnj  ^  was  first 
attempted  using  A1203  according  to  Amatucci  et  al  [1].  A 
series  of  samples  (Series  a)  were  prepared  from  EMD, 
Li2C03  and  Al203  with  molar  ratios  chosen  to  give  the 
theoretical  formula  LiAlyMn2.y04  (y  =  0.05,  0.1,  0.2).  All 
the  samples  were  fired  at  750°C  in  air  for  a  total  of  14 
hours  with  one  intermediate  regrind.  A  control  series 
(Series  b)  was  made  using  the  same  amounts  of  EMD  and 
Li2C03  but  without  added  A!203.  Fig.  1  shows  that  both 
series  have  identical  lattice  constants.  Furthermore,  while 
series  (b)  dissolved  completely  in  concentrated  HC1, 
series  (a)  left  a  white  powder  residue  identified  by  XRD 
as  A)203.  Wc  believe  that  most  of  the  A1203  remains 
unreacted  under  these  synthesis  conditions. 

The  reactivity  of  A1203,  A1(N03)3  and  Al(OH)3 
was  compared  by  mixing  and  heating  them  with  pre-made 
spinel  in  air  at  up  to  800°C.  A1(N03)3  and  Al(OH)3 
causeed  changes  in  the  lattice  constant  and  TCI,  indicating 
that  some  Al  enters  the  lattice,  but  Al203  has  no  effect. 

Finally,  various  combinations  of  A1203, 

Al(OH)3,  A1(N03)3,  A1F3,  MnF2,  LiF,  Li2C03  and  EMD 
were  tried  to  synthesize  LiAlyMn2.y04.,FI.  The  most 
interesting  result  is  that  the  presence  of  LiF  can 
dramatically  improve  Al  doping  into  the  spinel. 
Comparing  Fig.  2  with  Fig.  3  shows  that  when  A1(N03)3 
and  LiF  are  used  together  the  XRD  peaks  become 
sharper,  indicating  a  more  homogeneous  sample  (i.e. 
better  Al  distribution),  However  we  see  no  evidence  of 
fluorine  substitution  into  the  spinel  lattice.  When  A1F3  or 
MnF2  were  used  as  F  precursors,  they  extract  Li  from 
spinel  to  form  LiF. 

Conclusions 

Al  doping  of  spine!  requires  the  use  of  active 
aluminum  compounds  like  A1(N03)3.  Attempts  to  dope 
from  A1203  produce  Li  rich  spinel  and  unreacted  A!203. 
The  presence  of  LiF  can  improve  Al  doping  from  active 
sources  like  A1(N03)3 ,  but  we  have  no  evidence  for  F  in 
the  spinel  lattice.  LiF  is  the  only  F  containing  compound 
that  we  observe  in  the  product. 

*Co-op  student  from  University  of  British  Columbia,  BC. 
Canada 
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Fig.l  Cubic  lattice  constant  of  spinel  vs  Li/Mn 
ratio.  Addition  of  A1203  has  no  measurable  effect. 


Fig.  2  XRD  pattern  (CuKa)  of  Al  doped  spinel 
(y  =0.15)  using  A1(N03)3.  Broad  peaks  indicate 
inhomogeneous  product. 


2  theta  angle 

Fig. 3  XRD  pattern  (CuKa)  of  Al  doped  spinel 


(y  =  0.1 5)  using  A1(N03)3  with  LiF.  Addition  of 
LiF  produces  a  more  homogeneous  product. 
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Introduction 

LiCo02  is  the  most  widely  used  cathode 
material  in  commercial  lithium  battery  cells. 
LiNi02  has  same  theoretical  capacity  as  LiCo02,  but 
is  less  expensive.  However  its  application  in  lithium 
batteries  has  not  been  realized  due  to  serious  safety 
concerns.  Substituting  a  portion  of  Ni  in  LiNi02 
with  other  cations  has  been  pursued  as  a  way  to 
improve  its  safety  characteristics.  It  was  reported 
that  Co  doped  LiNio.gCoo.2O2  showed  better  thermal 
stability  than  pure  LiNi02.  New  materials,  such  as 

LiNio.75Mgo.i25Tio.]2502» 

LiNi0.65Co0.25Mg0.05Ti0.05O2,  have  been  developed. 
These  materials  exhibit  even  superior  thermal 
stability  to  LiNio.8Co0.202.  Using  an  ex  situ  XRD 
technique,  Ohzuku1  has  performed  interesting 
studies  on  some  of  the  Lii_xCo02  based  materials. 
However,  the  charging  voltage  limit  was  set  below 
4.8  V  in  these  studies.  Dahn  and  co-workers  have 
also  published  their  results2  on  the  structural 
changes  of  Li!.xCo02  during  charge  using  in  situ 
XRD.  The  charging  voltage  used  in  that  study  was 
below  4.3  V.  Amatucci  and  coworkers3  claimed  a 
new  phase  transition,  from  a  monoclinic  phase  M2 
to  a  Cdl2  type  single-layered  hexagonal  phase  Ol  for 
0.9<x<l  in  Lii.xCo02.  Using  the  state  of  art 
synchrotron  based  in  situ  x-ray  diffraction,  we  have 
reported  new  findings  on  phase  transitions  for  both 
Li,.xCo02  and  Li,.xNi02  systems.4’5  In  this  paper, 
we  report  systematic  studies  on  the  structural 
changes  of  LiCo02,  LiCoo.8Nio.2O2,  LiCoo.5Nio.5O2, 
LiCoo.2Nio.gO2,  and  LiNio.65Coo.25Mgo.05Tio.05O2 
cathode  materials  during  charge  in  the  voltage  range 
from  3.5  V  to  5.2  V. 

Experimental 


collected  on  beam  line  XI 8A  at  National 
Synchrotron  Light  Source  (NSLS)  at  Brookhaven 
National  Laboratory  operated  at  an  energy  of  10375 
eV(\=1.195  A). 

Results  and  Discussion 

It  was  reported  that  a  monoclinic  phase  M2 
is  located  in  the  region  of  0.75<x<0.85  for  Lii_xCo02 
in  the  over-charged  state.  However,  in  our  in  situ 
XRD  data,  no  signature  for  the  presence  of  a 
monoclinic  phase  M2  was  observed.  In  the  same 
composition  region,  we  did  observed  more 
diffraction  peaks.  However,  these  new  peaks  can  be 
indexed  as  two  sets  of  Ol  type  structures.  In  other 
words,  the  formation  of  Ol  structure  takes  two 
steps.  An  intermediate  structure  Ola  is  formed 
before  the  cathode  totally  converts  to  the  final  Ol 
structure.  In  the  in  situ  XRD  spectra  of  a 
LiNio.65Coo.25Mgo  o5Tio.05O2  cathode,  the  formation  of 
the  Ol  type  structure  was  also  observed  when  the 
cell  was  over-charged  to  5.2  V.  However,  at  the  end 
of  charge  at  5.2  V,  the  system  is  a  mixture  of  two 
phases.  Only  a  small  portion  is  in  the  Ol  type 
structure,  while  the  majority  of  the  material  has  a 
CdCl2  type  structure.  Similar  phenomena  were  also 
observed  in  LiCoo.gNio.2O2.  LiCoo.5Nio.5O2,  and 
LiCoo.2Nio.gO2  samples.  In  these  samples,  at  the  end 
of  charge  at  5.2  V,  the  percentage  of  the  Ol  type 
structure  increases  with  increasing  Co  content. 
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LiCo02,  LiCoo.2Nio.gO2  and 

LiNio.75Mgo.i25Tio.i2502  were  provided  by  FMC. 
LiCoo.8Nio.2O2  and  LiCoo.5Nio.5O2  were  synthesized 
by  solid  state  reaction  in  our  Lab.  Cathodes  were 
prepared  by  slurrying  the  active  material  powder 
with  10%  PVDF  (KynarFlex  2801,  Atochem),  and 
10%  acetylene  black  (w/w)  in  a  fugitive  solvent, 
then  coating  the  mixture  onto  A1  foil.  The  cathodes 
were  incorporated  into  cells  with  a  Li  foil  negative 
electrode,  a  Celgard  separator  and  a  1  M  LiPF6 
electrolyte  in  a  1:1  EC:  DMC  solvent  (LP  30  from 
EM  Industries  Inc.).  Mylar  windows  were  used  in 
these  in  situ  cells.  In  situ  XRD  spectra  were 
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Recently,  polyanion  3-D  structures  built  of  corner  sharing 
(X04)n  tetrahedra  and  M06  octahedra,  such  as  FeP04, 
V0X04  and  LixM2(X04)3  (M=transition  metal;  X=S,  P) 
(1-13)  have  engendered  much  interest.  These  structures 
have  been  shown  to  be  promising  hosts  for  the  reversible 
insertion  of  lithium,  as  the  Li  insertion  potential  is  higher 
than  in  the  corresponding  oxide  and  can  be  “tuned”  by  the 
adroit  choice  of  X  and  M.  The  present  communication  is 
devoted  to  examination  of  the  structural  behavior  of 
Nasicon  compounds  LixM2(X04)3  (M=V,  Fe;  X=S,  P) 
upon  Li  (de)intercalation.  We  have  found  that 
uptake/removal  of  two  Li  within  the  Nasicon  framework 
can  be  characterized  by  either  reconstructive  phase 
transitions,  exemplified  by  the  sulfate  V2(S04)3,  or 
displacive  transitions,  exemplified  by  the  phosphates 
where  only  slight  distortions  of  the  framework  occur. 

The  Li/V 2(S04)3  system  exhibits  a  complex 
electrochemical  behavior  where  two  new  deintercalation 
steps  emerge  on  cycling  at  the  expense  of  an  initial 
oxidation  process  that  progressively  disappears.  In  situ 
synchrotron  studies  (with  time  resolution  on  the  order  of 
minutes)  show  a  strong  correlation  between  the 
electrochemical  and  structural  behavior:  the  completion  of 
the  first  reduction  process  corresponds  to  the  formation  of 
a  new  monoclinic  phase  Li2V2(S04)3.  This  phase  is 
different  from  that  observed  at  the  end  of  the  second 
reduction.  This  structural  evolution  involving  a 
reorganization  of  the  polyhedra  connectivity  such  as 
creation  of  pairs  of  edge-sharing  V06  (which  are  absent  in 
the  initial  phase)  accounts  for  the  electrochemical 
behavior. 

In  contrast,  in  the  isostructural  phosphate 
compounds  Li3Fe2(P04)3  and  Li3V2(P04)3,  Li  can  either 

be  inserted  (Fe3+->Fe2+)  or  de-inserted  (V3+->V4+),  to 
result  in  displacive  phase  transformations.  These  are 
characterized  by  lithium  reorganization  within  their 
Nasicon  frameworks  but  little  change  in  the  structure.  For 
Li3Fe2(P04)3  reversible  intercalation  of  two  Li  occurs 
during  2  single  phase  processes  and  3  two-phase 
processes  which  occur  at  an  average  potential  of  2.8V. 
XRD  experiments  show  that  the  integrity  of  the 
framework  is  maintained  throughout.  This  suggests  that 
the  phase  transitions  represent  lithium  reordering  within 
the  interstitial  space.  This  is  the  first  time,  to  our 


knowledge,  that  a  Nasicon  framework  with  five  interstitial 
alkali  cations  has  been  characterized.  For  the 
corresponding  vanadium  phase  Li3V2(P04)  , 
deintercalation  of  two  Li  occurs  at  about  3.75V. 
LiV2(P04)3  is  isostructural  with  the  starting  compound  but 
with  an  8%  decrease  of  the  c  parameter  that  we  believe  is 
the  result  of  the  depopulation  of  the  M2  cavity  with 
concomitant  population  of  the  M 1  site. 
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Recent  studies  on  synthetic  triphylite[l-3] 
LiFeP04  have  shown  that  this  material  is  an  attractive 
cathode  for  3V+  lithium  batteries.  The  best  results  in 
terms  of  capacity,  cyclability  and  power  were  obtained 
with  electronically  conductive  samples  [3].  For  non- 
conductive  samples,  charge  /  discharge  depths  and  redox 
kinetics  seem  to  be  related  to  grain  size.  Therefore  we 
have  investigated  a  new  synthetic  route  allowing  a  better 
control  of  particles  size  and  shape.  Moreover,  this  process 
can  make  use  of  a  wide  variety  of  iron  salts.  In  addition, 
we  have  studied  the  behavior  of  the  similar  double 
phosphate  occurring  as  a  mineral  found  in  different 
mining  locations. 

Natural  triphylite  Li(Fe,Mn)P04  generally  does 
not  form  well  defined  crystals.  It  occurs  as  compact 
cleavable  masses  in  complex  granitic  pegmatite  dykes.  It 
is  within  the  solid  solution  series  ranging  from 
lithiophilite  LiMn1.xFexP04  witch  differs  from  triphylite 
by  being  on  the  manganese-rich  side  versus  iron.  To  the 
best  of  our  knowledge,  no  electrochemical  studies  have 
been  reported  on  natural  triphillite. 

We  report  here  on  the  electrochemical  properties 
of  synthetic  triphylite  obtained  by  different  synthetic 
routes  and  natural  samples  with  several  Fe/Mn  ratio  from 
Lord’s  Hill,  Maine;  Palermo  Mine,  North  Groton,  New 
Hampshire  and  Custer,  South  Dakota. 

Electrochemical  tests  were  performed  at  80  °C, 
in  coin  type  cells  using  PEO-based  polymer  electrolyte. 
The  natural  samples  were  ground  and  directly  used  as 
cathode  material.  First  voltammetric  scans  (Mac  Pile®, 
Claix,  France)  performed  at  20mV/h  obtained  for  different 
samples  are  presented  figure  1. 

The  capacity  obtained  at  3V  during  the  first 
discharge  process  is  53  %  (93  mAh  of  the  theoretical 
capacity)  for  the  sample  from  the  conventional  ceramic 
route  and  57  %  (100  mAh)  for  the  new  synthesis.  This 
moderate  improvement  in  capacity  comes  with  an  increase 
of  the  redox  reaction  kinetics.  For  the  natural  sample  the 
discharge  depth  represents  37  %.  Interestingly,  the  redox 
process  appears  to  be  more  reversible  and  the  cathodic 
peak  is  shifted  anodically.  This  later  observation  is 
probably  due  to  the  presence  of  a  slight  amount  of  Mn  in 
the  compound. 


Figure  1 :  Potentiodynamic  profiles  for  natural  and 
synthetic  triphylite  samples.  Scan  rate  20  mV.h4; 
temperature  80  °C;  electrolyte  PEO-Li  salt  O/Li  =  20/1 

The  results  for  different  natural  samples  as  well  a  those 
from  the  two  synthetic  routes  will  be  presented,  in 
addition  to  the  effect  of  the  conductive  additive  whose 
effects  on  the  redox  kinetics,  thus  capacity,  have  been 
shown  to  be  spectacular  [3]. 

The  well  .defined  redox  activity  of  double  phosphates 
from  various  sources  corroborates  their  interest  as  a  new 
family  of  “plateau  type”  electrodes  whose  advantages 
over  “sloping  type”  materials  are  worth  consideration. 
Besides,  attention  should  be  drawn  to  the  existence  of  an 
appreciable  redox  activity,  yet  unoptimized,  from  a 
natural  compound  found  in  relative  abundance  in  nature; 
the  triphylite  family  represents  the  second  most  abundant 
solid  lithium  ore.  Again,  these  findings  point  towards  the 
chemical  sustainability  of  this  environmentally  benign 
compound. 
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Lithium  transport  through  lithium  cobalt  dioxide 
thin  film  electrode  prepared  by  Rf-magnetron  sputtering 
was  investigated  in  a  1M  solution  of  LiC104  in  propylene 
carbonate  (PC)  using  galvanostatic  intermittent  titration 
technique  (GITT),  potentiostatic  current  transient 
technique  [1,2]  and  cyclic  voltammetry. 

Electrode  potential  curve,  determined  from  the 
GITT,  showed  clearly  a  potential  plateau  near  3.9  Vy^, 
which  indicates  the  coexistence  of  a  Li-poor  phase  and  a 
Li-rich  phase.  The  current  transients  exhibited  the  non- 
Cottrell  behaviour  throughout  the  intercalation 
/deintercalation  time,  irrespective  of  the  potential  steps  as 
can  be  seen  in  Fig.  1.  Moreover,  the  initial  current  level 
was  linearly  proportional  to  the  applied  potential  drop  and 
jump,  which  means  that  the  current-potential  relation 
follows  Ohm’s  law.  From  the  comparison  of  the 
experimentally  obtained  current  transients  with  those 
theoretically  calculated,  it  is  suggested  that  the  occurrence 
of  this  abnormal  behaviour  is  due  to  a  ’cell-impedance- 
controlled'  lithium  transport,  not  a  ’diffusion-controlled' 
lithium  transport. 

Cyclic  voltammogram  (CV)  showed  three  sets  of 
well-defined  current  peaks  [3].  From  the  CV  at  various 
scan  rates,  anodic  peak  current  1^  vs.  potential  scan  rate  v 
plot  was  obtained.  ’Diffusion-controlled’  CV  and  ’cell- 
impedance-controlled'  CV  were  theoretically  determined 
at  various  scan  rates.  Lithium  transport  during  the 
potential  scanning  was  discussed  in  terms  of  the  shape  of 
the  CV  and  lap  -  v  relation. 
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Fig.  1 .  (a)  The  cathodic  and  (b)  anodic  current  transients 
obtained  with  the  Lii.jCoC^  thin  film  electrode  in  a  1M 
LiC104-PC  solution  at  various  potential  steps  as  indicated 
in  figures. 
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Lithium  transport  through  Lii-sM^C^  composite 
electrode,  involving  the  ordering  of  lithium  ions,  was 
investigated  by  using  potentiostatic  current  transient 
technique.  For  this  purpose,  the  cathodic  and  anodic 
current  transients  were  obtained  from  the  electrode  as 
functions  of  applied  potential  step  and  temperature. 

The  typical  electrode  potential  vs.  lithium 
content  curve  obtained  from  the  Lii_sMn204  electrode 
shows  a  steep  potential  drop  at  about  (1-5)  =  0.5,  due  to 
the  ordering  of  the  intercalated  lithium  ions  [1].  Using  the 
Monte  Carlo  simulation  for  the  repulsive  ionic  species  in 
the  cubic  lattice  based  upon  a  lattice  gas  model,  the 
ordering  phenomenon  during  lithium  intercalation  was 
analysed  from  the  thermodynamic  viewpoint.  In  the 
electrode  potential  curves  theoretically  calculated  and 
experimentally  measured,  the  potential  drop  becomes 
steeper  as  temperature  decreases,  indicating  the  increase 
in  the  degree  of  order. 

Non-Cottrell  behaviour  was  observed  in  both 
cathodic  and  anodic  current  transients  measured  at  various 
potential  steps  as  shown  in  Fig.  1  (a)  and  (b).  From  the 
abnormal  behaviour  and  temperature  dependence  of  the 
current  transient,  it  was  suggested  that  lithium  transport 
through  the  electrode  in  the  disordered  phase  region  is 
mainly  controlled  by  cell-impedance  [2]. 

As  the  applied  potential  step  encountered  the 
region  where  the  lithium  is  intercalated  in  the  ordered 
state,  the  current  transient  had  a  characteristic  point,  tc, 
which  was  determined  as  the  time  of  the  local  minimum  in 
the  derivative  of  the  logarithmic  current  transient.  At  the 
same  point,  the  characteristic  peak  was  observed  in  the 
cell-impedance  transient  obtained  from  the  current 
transient  and  the  electrode  potential  curve.  From  the 
relative  charge  transferred  during  lithium  intercalation,  it 
was  found  that  the  characteristic  point  in  those  transients 
is  corresponding  to  the  point  where  the  degree  of  order 
has  the  maximum  value.  Considering  the  degree  of  order 
which  strongly  depends  on  lithium  content  and 
temperature,  lithium  transport  through  the  electrode  in  the 
ordered  phase  region  was  discussed  from  the  kinetic 
viewpoint. 
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Fig.  1.  (a)  The  cathodic  and  (b)  anodic  current  transients 
in  a  logarithmic  scale  experimentally  obtained  from  the 
Lii..sMn204  composite  electrode  in  a  1M  LiC104-PC 
solution  at  25  °C  at  various  potential  steps  as  indicated  in 
figures. 
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Lithium  transport  through  Li8V205  composite 
electrode  [1]  was  investigated  in  a  1M  solution  of  LiC104 
in  propylene  carbonate  using  galvanostatic  intermittent 
titration  technique  (GITT)  and  potentiostatic  current 
transient  technique.  The  cathodic  and  anodic  current 
transients  obtained  from  the  Li8V205  composite  electrode 
in  Fig.  1  (a)  and  (b),  showed  the  non-Cottrell  behaviour. 
Moreover,  the  initial  current  level  in  the  cathodic  current 
transients  was  linearly  proportional  to  applied  potential 
drop  as  shown  in  Fig.  2.  From  these  results,  it  seems 
reasonable  to  assume  that  lithium  transport  through  the 
Li8V20j  composite  electrode  is  governed  by  cell- 
impedance. 

Under  the  assumption  of  cell-impedance- 
controlled  lithium  transport,  the  flux  of  lithium  ions  at  the 
electrode/electrolyte  interface  is  determined  by  cell- 
impedance  and  difference  between  applied  potential  and 
electrode  potential,  i.e„  the  current  under  the  cell- 
impedance  constraint  is  expressed  by 

,  ~  3c  E-Eopp 

1  =  -zFDU‘  —  =  — - -  for  x  =  0  at  t  >  0, 

ox  Kctii 

where  z  is  the  valence  of  lithium  ion;  F,  the  Faraday 
constant;  Du. ,  the  chemical  diffusivity  of  lithium  ion;  E, 
the  electrode  potential;  £w,  the  applied  potential  and  RctU 
represents  the  cell-impedance  [2],  Cell-impedance  at 
various  electrode  potentials  obtained  from  the  current 
transient  under  the  assumption  of  ‘cell-impedance- 
controlled’  lithium  transport  is  nearly  the  same  in  value  as 
that  obtained  from  the  electrochemical  impedance 
spectroscopy. 

In  this  work,  lithium  transport  through  the 
LigVjOs  composite  electrode  is  theoretically  analysed  by 
numerical  simulation  of  the  current  transient  under  the 
‘cell-impedance-controlled’  constraint. 
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Fig.  1 .  (a)  The  cathodic  and  (b)  anodic  current  transients 
in  a  logarithmic  scale  experimentally  obtained  from  the 
Li6V205  composite  electrode  in  a  1M  LiC104-PC  solution 
at  various  potential  steps  as  indicated  in  figures. 


Current-potential  relation  follows 
Ohm's  law  (  =  A  £//.) 


slope  =  0.00401  n'1 
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Applied  Potential  Drop,  a  E  /  V 


Fig.  2.  Dependence  of  initial  current  level  at  10  s  on  the 
applied  potential  drop  from  3.45  VUAj+  to  various  lithium 
intercalation  potentials. 
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Introduction 

LiCoOj  is  most  widely  used  as  cathode  material  of 
commercial  secondary  lithium  batteries  due  to  its 
advantages  including  easy  preparation  and  high 
theoretical  specific  capacity.  Among  the  modifications  to 
improve  its  electrode  performance,  one  is  the  substitution 
of  Co  with  metal  ions  which  may  stabilize  the  layered 
structure  with  or  without  participating  in  the  redox 
processes.  [1]  Recently,  Ceder  et  al.  have  shown  that  A1 
doping  is  potentially  attractive  to  electrochemical 
application  since  Al-doped  LiCo02  has  advantages  such 
as  higher  intercalation  voltage,  higher  energy  density,  and 
a  lower  cost  although  it  shows  large  capacity  fading 
during  cycling.  [2]  The  focus  of  this  study  is  to  adopt  Al- 
doped  LiCo02  as  a  cathode  material  for  lithium  secondary 
battery.  LiCo02  and  Al-doped  LiCo02  powders  were 
prepared  by  a  sol-gel  method  using  acrylic  acid  and  their 
structural  and  electrochemical  properties  have  been 
investigated. 

Experimental 

A  stoichiometric  amount  of  lithium  acetate,  cobalt 
acetate,  and  aluminum  nitrate  with  the  cationic  ratio  of 
Li:(Co+Al)  =  1:1  was  dissolved  in  distilled  water  and 
mixed  with  an  aqueous  solution  of  acrylic  acid.  Nitric 
acid  was  slowly  added  to  the  solution  with  constant 
stirring  until  a  pH  of  2  was  achieved.  The  resulting 
solution  was  mixed  with  a  magnetic  stirrer  at  70  to  80* 
for  6  to  8  h  to  obtain  a  clear  viscous  gel.  The  gel  was 
dried  in  a  vacuum  oven  at  100*  for  12  h.  All  the 
LiAlyCoi.y02  compounds  were  ground  and  calcined  at 
800*  for  24  h  after  precalcining  the  obtained  gel 
precursor  at  400*  for  1  h  in  air.  The  crystal  structure  of 
LiAlyCO|.y02  calcined  at  various  temperatures  was 
characterized  by  X-ray  diffraction  (XRD).  Powder  XRD 
pattern  was  recorded  using  an  automated  Rigaku  powder 
diffractometer  using  Cu  K*  radiation.  Cathode 
specimens  were  prepared  by  mixing  the  LiAlyCoi.y02 
powders  with  10wt%  acetylene  black  and  6wt%  PVDF 
(poly-vinylidene  fluoride)  in  NMP(n-methyl  pyrrolidone) 
solution.  The  mixture  was  spread  on  Al  foil  and  pressed. 
The  composite  electrodes  were  dried  under  vacuum  at 
150*  for  at  least  12  h  before  use.  A  three-electrode 
electrochemical  cell  was  employed  for  electrochemical 
measurements  in  which  lithium  foil  was  used  for  both 
reference  and  counter  electrodes. 

Results  and  Discussion 

Fig.  1  shows  XRD  patterns  for  the  gel-derived 
LiAlo.25Coo.75O2  samples  calcined  at  various  temperatures 
for  24  h  in  air  after  precalcining  the  obtained  gel 
precursor  at  400*  for  1  h.  For  XRD  patterns  of  the 
powders  calcined  in  the  temperature  range  of  600  and 
800*  ,  (006)  and  (012)  peaks  and  (108)  and  (110)  peaks 
are  well  separated,  which  indicates  that  single-phase 
layered  LiAlo.25Coo.75O2  powders  were  obtained  in  the 


temperature  range  of  600  and  800*  .  More  detailed 
discussion  will  be  made  about  the  relationship  between 
electrochemical  and  structural  properties  in  the  meeting. 
Fig.  1  XRD  patterns  for  the  gel-derived  Li AI0.25C00  75O2 
powders  calcined  at  various  temperatures. 
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Introduction 

Recently,  Ceder  et  al.  have  shown  that  A1  doping  is 
potentially  attractive  to  electrochemical  application  since 
Al-doped  LiCo02  has  advantages  such  as  higher 
intercalation  voltage,  higher  energy  density,  and  a  lower 
cost  although  it  shows  large  capacity  fading  during 
cycling.[  1]  From  the  viewpoint  of  bulk  structure,  Jang  et 
al.  found  with  their  XRD  analysis  that  the  layered 
structure  of  Al-doped  LiCo02  is  stable  in  its  structure 
during  cycling,  which  contrasts  with  its  large  capacity 
fading  during  cycling.[2]  Thus,  a  more  detailed  analysis  is 
needed  in  order  to  explain  the  cause  of  the  capacity  fading 
during  cycling.  Recently,  a  new  structural  analysis  of  X- 
ray  absorption  spectroscopy  has  been  applied  in  order  to 
examine  the  variation  in  local  structure  for  the  cathode 
materials  of  Li  rechargeable  batteries.  X-ray  absorption 
spectroscopy  (XAS)  is  an  excellent  technique  for 
characterizing  the  valency  and  local  structure  of  an 
interesting  atom  in  cathode  materials  with  no  long-range 
order.  In  the  present  study,  LiAlyCoi_y02  powders  were 
synthesized  using  acrylic  acid  as  a  chelating  agent.  The 
variations  in  the  local  structures  with  Li  deintercalation 
and  cycling  process  of  LiCo02  and  LiAlo.2sCoo.75O2  were 
systematically  investigated  on  the  basis  of  XAS  study. 
The  XAS  analysis  will  give  a  better  understanding  of  the 
mechanism  for  the  capacity  fading  of  cathode  materials 
during  the  cycling  process. 

Experimental 

XAS  measurements  were  performed  in  transmission 
mode  at  beamline  3C1  of  Pohang  Light  Source  (PLS) 
using  a  Si(l  1 1)  double-crystal  monochromator  detuned  to 
85%  of  its  original  intensity  to  eliminate  the  high  order 
harmonics.  The  storage  ring  was  operated  with  an 
electron  energy  of  2  GeV  and  a  current  between  120  and 
150  mA.  Calibration  was  carried  out  using  the  first 
inflection  point  of  the  spectrum  of  Co  foil,  i.e.,  Co  K-edge 
=  7709  eV,  as  a  reference.  To  remove  an  energy  shift 
problem,  the  X-ray  absorption  spectrum  for  Co  metal  foil 
was  measured  simultaneously  in  every  measurement  as 
the  metal  foil  was  positioned  in  front  of  the  window  of  the 
third  ion  chamber. 

Results  and  Discussion 

Figure  1  shows  the  normalized  Co  K-edge  XANES 
spectra  for  LiCo02  and  LiAlo.25Coo.75O2  after  10  cycles. 
There  is  no  substantial  difference  between  XANES 
spectra  for  pristine  LiCo02  and  cycled  LiCo02.  However, 
XANES  spectrum  for  cycled  LiAl0.25Co0.75O2  is  different 
from  that  of  pristine  LiAlo2sCo07502.  There  is  a 
significant  difference  in  the  peak  features  between 
pristine  LiAlo.25Coo.75O2  and  cycled  LiAlo.25Coo.75O2  after 
10  cycles.  Peak  positions  of  A  and  C  move  towards  the 
higher  energy  side,  and  this  indicates  an  increase  of 
remaining  Co4+  ions  in  LiAlo.25Coo.75O2  after  10  cycles. 
The  results  of  XANES  and  EXAFS  analysis  for  cycled 


LiAIo25Co0  75O2  indicates  that  its  large  capacity  fading  is 
related  to  the  more  highly  distorted  environment  of  local 
structure  around  Co4+  ions  remaining  in  the  lattice. 

Figure  1.  Normalized  Co  K-edge  XANES  for  LiCo02 
and  Li Al0  25C00  75O2  after  10  cycles. 
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LiCo02  film  prepared  at  600*  .  Typical  cyclic 
voltammograms  of  HT-  LiCo02  were  observed,  which 
were  characterized  by  three  sets  of  well-defined  current 
peaks.  More  detailed  discussion  will  be  mentioned  in  the 
meeting. 

Figure  1.  XRD  patterns  for  the  LiCo02  films  prepared  at 
various  temperatures 

Figure  2.  Cyclic  voltammograms  of  a  LiCo02  film 
prepared  at  600*  . 


Introduction 

Advances  in  the  microelectronics  industry  have  reduced 
the  current  and  power  requirements  of  electronic  devices. 
This  has  made  possible  the  use  of  thin-film  rechargeable 
microbatteries  as  power  sources  for  these  devices.  Thin 
films  of  various  Li  battery  components  have  been 
synthesized  by  several  methods,  such  as  r.f.  magnetron 
sputtering,  pulse  laser  deposition,  and  chemical  vapor 
deposition.  Recently,  Schoonman  et  al.  have  developed 
the  electrostatic  spray  deposition  (ESD)  technique  and 
applied  it  to  preparing  thin  films  of  various  Li-ion  battery 
cathode  active  materials.!  1)  The  ESD  technique  offers 
many  advantages  over  some  conventional  deposition 
techniques,  such  as  a  simple  and  low  cost  set-up,  high 
deposition  efficiency,  low  temperature  synthesis,  and  easy 
control  of  the  composition  and  surface  morphology  of  the 
deposited  films.  However,  a  systematic  study  of 
electrochemical  properties  of  LiCo02  films  prepared  by 
ESD  at  various  temperatures  has  not  been  reported  so  far. 
In  this  works,  thin  films  of  LiCo02  were  prepared  by  ESD 
technique  and  their  electrochemical  properties  were 
investigated. 
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Experimental 

The  ESD  set-up  used  here  and  its  working  principles 
have  been  described  in  the  literature.!  1]  A  high  DC 
voltage  is  applied  between  an  electrically  conductive 
substrate  and  a  metal  capillary  nozzle,  which  is  connected 
to  a  precursor  solution.  Under  a  suitable  flow  rate,  the 
precursor  solution  is  atomized  at  the  orifice  of  the  nozzle, 
generating  a  fine  spray.  The  spray  moves  toward  the 
heated  substrate  under  the  electrostatic  force  and,  due  to 
pyrolysis  of  the  precursors,  a  thin  layer  is  deposited  on 
the  substrate  surface.  An  ethanol  solution  of  LiN03  + 
Co(N03)2  with  a  molar  ratio  Li:Co  =1:1  was  used  as  the 
precursor  solution  (0.04  M).  The  precursor  solution  was 
pumped  at  a  rate  of  2  ml/h  to  a  stainless  steel  nozzle, 
which  placed  4  cm  above  the  substrate.  The  deposition 
temperature  was  chosen  generally  between  200*  and 
400*  .  Electrochemical  measurements  ware  carried  out 
using  a  three-electrode  cell  with  1M  LiC104  /  propylene 
carbonate  (PC)  solution  in  a  glove  box.  Li  foils  were  used 
as  the  counter  and  reference  electrodes. 

Results  and  Discussion 

Fig.  1  shows  XRD  patterns  for  the  LiCo02  films  prepared 
at  various  temperatures  for  30  min  in  air.  For  XRD 
patterns  of  the  films  prepared  at  600*  or  above,  (108) 
and  (110)  peaks  are  well  separated,  which  indicates  that 
single-phase  layered  LiCo02  films  were  obtained  at  600* 
or  above.  Figure  2  presents  cyclic  voltammograms  of  a 
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Previous  studies  have  shown  that  LiNi,.yCoy02  exhibits 
very  interesting  electrochemical  properties  leading  to 
commercial  batteries  using  this  oxide.1,2  The  structure  of 
LiNij.yCoyC^  has  two-dimensionally  connected  Ni|.yCoy02 
layers  which  allow  for  easy  intercalation/deintercalation  of 
lithium  ions  into/from  the  inter-layer  spaces.  However, 
LiNi|.yCoy02  with  little  or  no  cobalt  content  (y<0.2) 
exhibits  a  departure  from  stoichiometry  because  of  the 
presence  of  excess  nickel  ions  in  its  lithium  sites.  The 
oxidation  of  divalent  excess  nickel  ions  to  trivalent  ions 
reportedly  leads  to  a  local  collapse  of  the  inter-slab  spaces 
during  the  first  charge,  and  therefore  limits  lithium 
reintercalation  during  the  next  discharge.3  This  capacity 
loss  during  the  first  discharge  is  about  20  30%  of  its  initial 
value.  Therefore,  the  behavior  of  LiNij.yCoy02  during  the 
initial  charge/  discharge  cycling  must  be  examined  closely 
in  order  to  develop  this  oxide  into  a  potential  electrode 
material. 

As  part  of  a  larger  study  to  develop  LiNii.yCoy02  with  a 
high  reversible  capacity  for  a  cathode  material  in  lithium 
secondary  batteries,  we  focused  on  the  behavior  of  the 
LiNi|.yCoy02  observed  in  the  initial  charge/  discharge 
cycles,  and  reported  electrochemical  and  structural  behavior 
of  LiNi].yCoy02  (0<y<0.2)  during  initial  cycles.4 

In  this  study,  we  investigate  the  electrical  conductivity 
change  of  the  LiNit.yCoy02  induced  by  lithium  ion 
intercalation/deintercalation.  The  electrical  conductivity  of 
the  electrode  material  is  one  of  the  most  important 
properties  in  design  of  high  performance  batteries.  For  this 
purpose,  we  adopt  in-situ  conductivity  measurement 
technique  using  IDA  electrodes.5  The  in-situ  method  gives 
the  conductivity  of  the  electrodes  in  a  whole  potential 
region  without  taking  out  from  the  cells,  showing  the 
reliable  relationships  between  conductivity  and  x  in  Li^ 
xNi].yCoy02. 

In  addition,  the  thermal  property  of  Lii.xNi|.yCoy02  must 
be  considered  in  order  to  apply  this  oxide  to  the  realistic 
battery,  because  the  exothermic  decomposition  of  the  oxide 
releasing  oxygen  at  elevated  temperatures  poses  safety 
hazards.  Therefore,  the  thermal  behavior  of  Lii.xNi1.yCoy02 
is  closely  observed  using  x-ray  diffraction  and  differential 
scanning  calorimetry. 

Detailed  discussion  about  the  electrical  and  thermal 
properties  of  LiNi,.yCoy02  (0<y<0.2)  will  be  made  in  the 
meeting. 
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Due  to  the  increased  production  and  use  of  portable 
devices,  lithium  secondary  batteries  with  extended  lives  and 
higher  power  output  are  in  demand.  Since  the  performance 
of  the  lithium  secondary  batteries  is  limited  by  the 
properties  of  the  positive  electrodes,  a  significant  amount  of 
research  has  been  focused  on  the  synthesis,  processing 
and/or  electrochemical  identification  of  positive  cathode 
materials  for  use  in  these  batteries.1,2  Several  oxides  are 
being  considered  for  use  as  4  V  cathode  materials  for 
lithium  batteries:  the  spinel  LiMn204  and  the  layered  oxide 
LiM02  (M=Co  and/or  Ni).  Each  of  these  cathode  materials 
has  advantageous  and  detrimental  characteristics  that  have 
an  impact  on  their  further  development  for  lithium-ion 
batteries. 

Recently  a  unique  combination  of  two  or  more  cations 
substituting  for  M  in  LiMOz  was  reported  to  have  some 
promising  features,  including  a  high  capacity,  a  long  cycle 
life,  and  an  enhanced  thermal  stability,  for  use  as  a  new 
cathode  material.3,4 

In  this  work,  we  report  on  the  characterization  of  the 
four-cation  oxide,  LiNio.85Coo.1aMo.05O2  (M=Co,  Al,  Fe 
etc.).  The  electrochemical,  structural  and  thermal  behavior 
of  these  materials  and  the  validity  for  application  of  these 
oxides  to  the  realistic  batteries  are  investigated. 

Figure  1.  shows  the  first  two  cycles  during  a  constant 
current  charge  and  discharge  cycling  at  a  20  h  rate.  In 
contrast  with  LiNio.g5Coo.15O2  or  LiNio.g5Coo.joAlo.05O2, 
LiNi0.g5Co0.10Fe0.05O2  has  a  large  polarization  and  a  small 
capacity.  From  x-ray  diffraction  results  shown  in  Fig.  2,  it  is 
indicated  that  the  LiNi0.g5Co0.10Fe0.05O2  undergoes  phase 
transition  during  the  lithium  deintercalation.  The  poor 
electrode  property  of  the  LiNi0.g5Co0.10Fe0.05O2  maybe 
explained  by  the  phase  transition  during  the  lithium 
deintercalation. 

More  detailed  discussion  about  the  electrochemical, 
structural  and  thermal  properties  of  LiNi0.g5Co0.10M0.05O2 
(M=Co,  Al,  Fe  etc.)  will  be  made  in  the  meeting. 
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Fig.  1.  Charge  and  discharge  curves  of  LiNi0.g5Co0.10M0.05O2 
in  1M  LiC104  in  PC  at  a  20h  rate. 
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Fig.  2.  X-ray  diffraction  patterns  of  Li i-xNi0.85Coo. ioM00502. 
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Figure:  RX  of  LiNiV04  after  some  annealing  at  500°C 


Since  the  early  1960s,  research  on  LiMV(>4 
materials  has  focused  on  its  preparation  and 
characterization,  where  M=  Cu,  Ni,  Zn,  Cd, 
Mg,  and  Be  [1]. 

In  this  communication  some  lithium-metal 
vanadates  containing  metal  ions  as  Cu,  Ni, 
or  Co  have  been  synthesized  using  the  solid 
state  chemistry  route. 

Lithium  carbonate  (Li2C03),  metal  oxide 
and  vanadium  oxide  have  been  mixed, 
ballmilled  and  annealed  in  the  narrow 
temperature  range  of  500°-520°C. 

Structure  characterization  of  each  sample 
has  been  carried  out  by  means  of  X  Ray 
Powder  Diffraction  and  solid  state  NMR 
techniques. 

In  the  figure  the  RX  powder  diffraction 
patterns  obtained  in  the  case  of  the  sample 
containing  Ni  is  reported  as  an  example. 
Cyclic  voltammetry  and  charge-discharge 
cycles  have  been  performed  in  non-aqueous 
media  in  order  to  study  the  electrochemical 
activity. 

The  results  of  the  morphological  and 
structure  characterization  will  be  correlated 
with  the  electrochemical  findings. 
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Introduction 

The  spinel  LiMn204  is  one  of  the  most  promising 
cathode  materials  for  lithium  secondary  batteries.  The 
disadvantage  of  the  LiMn204  system  is  a  capacity  fade 
during  charge-discharge  cycling  or  storage  at  high 
temperature.  It  is  well  known  that  this  deterioration  is 
mainly  caused  by  Mn  dissolution  from  spinel.  1  Many 
mechanisms  of  spinel  dissolution  have  been  actively 
proposed, 1,2  however,  its  detailed  mechanism  is  still 
ambiguous.  In  this  study,  Mn  dissolution  from  spinels 
was  investigated  to  determine  the  detailed  mechanism  of 
capacity  fade  in  lithium  secondary  batteries. 

Reactivities  of  Spinels  and  Mn  Dissolution 

In  order  to  clarify  the  origin  of  Mn  dissolution  at 
various  discharge  depths,  the  storage  of  the  spinels, 
LiMn204  and  X  Mn02  3  was  performed  in  ethylene 
carbonate  /  diethyl  carbonate  electrolyte  containing  1M 
LiPF6  at  70  °C  for  a  few  weeks.  As  shown  in  Fig.  1,  the 
amount  of  dissolved  Mn  from  X  Mn02  increased 
continuously  with  storage  times,  while  that  from  LiMn204 
was  constant  after  initially  the  slight  Mn  dissolution  took 
place.  In  the  case  of  LiMn204,  even  if  an  electrolyte 
containing  excess  dissolved  Mn  and  HF  was  used,  the 
amount  of  the  dissolved  Mn  after  storage  was  same. 

These  results  indicate  that  the  Mn  at  the  surface  of  the 
LiMn204  is  in  equilibrium  with  a  soluble  species. 

Analysis  of  the  cathode  capacity  was  also 
performed  after  storage  of  the  cathode  at  70  °C  for  2 
weeks  in  both  discharged  and  charged  states.  It  was  found 
that  capacity  loss  was  larger  if  the  cathode  was  stored  in 
the  discharged  state. 

In  this  study,  the  dissolved  Mn  was  found  to  be 
deposited  mainly  on  a  graphite  anode  when  in  the  charged 
state.  Taking  into  account  this  reactivity,  the  capacity  fade 
is  induced  by  the  increase  in  the  anode  resistance  and  the 
decrease  in  the  amount  of  cyclable  Li.  In  contrast,  when 
the  battery  is  in  the  discharged  state,  dissolved  Mn  forms 
a  passivating  layer  on  the  cathode,  leading  to  an  increase 
in  the  cathode  resistance.  Figure  2  shows  the  proposed 
mechanism  for  the  capacity  fade. 

Mechanism  of  Mn  Dissolution  from  X  Mn02 

As  for  the  mechanism  of  Mn  dissolution  from  X 
Mn02,  LiPF6  plays  a  very  important  role  in  the  course  of 
Mn  dissolution.  The  amount  of  the  dissolved  Mn 
increased  with  LiPF6  concentration  and  no  Mn  dissolution 
was  observed  in  the  absence  of  LiPF6.  Furthermore, 
during  the  course  of  Mn  dissolution,  C02,  C^Hj,  EtOH, 
Et20,  and  AcOEt  were  detected  as  decomposition 
products  of  carbonates.  From  these  results,  we  proposed 
the  mechanism  of  Mn  dissolution  composed  of  3  steps,  (i) 
the  decarboxylation  of  electrolyte  catalyzed  by  X  Mn02  to 
give  EtOH,  (ii)  reduction  of  X  Mn02  by  EtOH  to  give 
acetate  and  MnO,  (iii)  Mn  dissolution  via  Mn-0  bond 
activation  assisted  by  LiPF6  (Fig.  3).  Currently  other 
aspects  of  this  mechanism  are  under  investigations. 
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Figure  1.  Dissolved  Mn(II)  content  in  electrolyte  as  a 
function  of  storage  times.  For  this  measurement,  150mg 
of  spinel  powder  was  dispersed  in  8 ml  of  electrolyte  at  70 
°C. 
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Figure  2.  Proposed  mechanism  for  capacity  fade 
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Figure  3.  Proposed  mechanism  of  Mn  dissolution  from  X 
Mn02 
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INTRODUCTION 

Lithium  manganese  oxides  with  spinel  structure 
([Li|+Jga[Mn2,r]l6d[04]32c)  prepared  at  different  calcination 
conditions  show  different  electrochemical  properties. 

There  are  some  reports  concerning  the  defect 
structure  of  Li-Mn-0  spinel.  Thermogravimetric  analysis 
showed  that  the  Li-Mn-0  spinel  lost  oxygen  at  high 
temperature  in  an  ambient  atmosphere,  and  oxygen  defect 
model  was  proposed  (1).  On  the  other  hand,  cation  excess 
model  was  reported  when  the  material  was  annealed  in  an 
inert  atmosphere  (2). 

In  this  report,  occupancy  of  both  anion  and 
cation  in  a  unit  cell  of  the  samples  that  were  annealed  at 
different  temperature  was  measured  to  investigate  the 
relation  between  the  defect  structure  and  the 
electrochemical  properties. 

EXPERIMENTAL 

Manganese  oxide  prepared  from  the  wet  process 
was  mixed  with  lithium  carbonate  in  a  molar  ratio  of  Li  : 
Mn  =1.1  :  1.9.  The  mixture  was  calcined  at  900°C  in  air 
and  cooled  rapidly  in  a  ratio  of  5°C/min  and  pulverized. 
Then  the  samples  were  annealed  in  different  conditions 
listed  in  Table  1. 

Chemical  analysis  was  performed  to  determine 
lithium  and  manganese  content,  and  manganese  valence. 
Lattice  constant  was  calculated  from  the  X-ray  diffraction 
data.  True  density  of  the  powder  samples  was  measured 
by  He  gas  substitution  technique. 

Battery  performance  was  measured  using  lithium 
foil  as  anode,  1  M  LiBF4/PC+DME  (1  :1)  as  electrolyte 
and  polypropylene  separator.  Cut-off  voltage  of  charge 
and  discharge  was  4.3  and  3.0  V,  respectively. 

RESULTS  AND  DISCUSSION 
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Table  1 .  Sample  description 


No. 

Annealing 
Temp.  (°C) 

Atmosphere 

Cooling  Rate 
(°C/min) 

1 

600 

Air 

5 

2 

700 

Air 

5 

3 

800 

Air 

5 

4 

900 

Air 

5 

5 

900 

_ Qxysen 

5 

500  600  700  800  900  1000 


Annealing  temperature  /  °C 


The  lattice  constant  decreased  when  the 
annealing  temperature  was  lowered.  This  can  be 
explained  by  the  increase  of  manganese  valence  caused 
by  the  absorption  of  oxygen.  In  this  case,  one  can  expect 
the  increase  of  true  density  when  the  annealing 
temperature  was  lowered.  However,  the  true  density 
decreased  by  lowering  the  annealing  temperature. 

Figure  1  shows  the  occupancy  of  cations  (8a  and 
1 6d  sites)  and  anion  calculated  from  the  chemical  analysis 
data,  lattice  constant  and  true  density.  The  defect  structure 
model  of  the  sample  annealed  at  900°C  that  had  less 
oxygen  content  could  be  the  cation  excess  model,  and 
occupancy  of  cation  sites  and  anion  site  decreased  while 
absorbing  oxygen  by  lowering  the  annealing  temperature. 

Figure  2  shows  the  cycle  durability  of  the 
samples  annealed  at  different  temperature.  Samples  that 
were  annealed  at  lower  temperature  showed  good  cycle 
durability.  The  deficiency  in  anion  and  cation  sites  might 
be  effective  to  tolerate  the  strain  in  the  crystal  structure 
during  the  charge  and  discharge  process. 


Figure  1 .  Dependence  of  occupancy  of  cations  (Li  +  Mn) 
and  anion  (O)  on  the  annealing  temperature.  Square  and 
circle  symbols  denote  the  annealing  atmosphere  of  air  and 
oxygen,  respectively. 
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Figure  2.  Cycle  durability  of  spinels  annealed  at  different 
temperature. 


Abstract  No.  178 

On  the  Correlation  between  the  Electroanalytical 
Behavior  and  Crystallographic  Features  of  Li 
Intercalation  Electrodes 

M.D.  Levi,  E.  Levi  and  D.  Aurbach 

Department  of  Chemistry,  Bar-Ilan  University 
Ramat-Gan  52900,  Israel 

U.  Heider,  R.  Oesten  and  M.  Schmidt 
Merck  KGaA,  250  Frankfurter  Str.,  Darmstadt,  Germany 
Introduction. 

Recently  we  have  reported  on  the  electroanalytical  behavior  of 
thin  composite  LixMOy  electrodes  studied  by  simultaneous 
application  of  slow-scan  rate  cyclic  voltammetry  (SSCV), 
potentiostatic  intermittent  titration  (PITT)  and  electrochemical 
impedance  spectroscopy  (EIS)  [1,2].  Several  compounds  such 
as  LiNi02  and  LiCoo.2Nio.8O2  can  serve  as  almost  ideal  model 
systems  for  revealing  and  elucidation  of  the  correlation 
between  their  structural  features  and  electrochemical  behavior. 

Experimental. 

LiMOy  (M  =  Co,  Ni,  Mn)  powders  were  obtained  from  Merck 
(0.5  -  1  pm  particle  size,  in  average).  The  electrode's  active 
mass  was  85  wt%  of  the  corresponding  oxide,  10  wt% 
conductive  carbon  black,  and  5  wt%  PVdF  binder.  The  three- 
electrode  cell  contained  a  polyethylene  frame  with  symmetrical 
slits  on  both  sides.  The  frame  held  the  working  and  counter 
electrodes  in  a  parallel  plate  configuration  with  Li  counter  and 
reference  electrodes.  The  electrolyte  solutions  were  based  on 
ethylene  carbonate  (EC)  -  dimethylcarbonate  (DMC)  mixtures 
(Merck's  solvents)  with  different  Li  salts.  The  performance  of 
the  various  electroanalytical  and  structural  measurements  has 
been  already  described  [1-3]. 

Results. 

Fig.  Ia  and  b  show  as  an  example  two  highly  resolved  plots  of 
differential  intercalation  capacity,  Cjnt,  and  the  chemical 
diffusion  coefficient  of  Li-ions,  D,  vs.  potential  for  LixNi02 
and  LixCoo.2Nio.gO2  electrodes,  respectively.  Phase  diagrams 
indicating  single  and  two-phase  co-existence  regions 
(hexagonal,  H,  and  monoclinic,  M,  phases)  obtained  by  in-situ 
XRD  [3]  are  shown  at  the  bottom  of  the  figures.  It  is  seen  that  a 
pronounced  minimum  in  D  is  observed  in  the  vicinity  of  E  = 
3.57  V  (vs.  Li  !Li+),  corresponding  to  the  maximum  in  Cjnt.  The 
observed  features  were  not  practically  dependent  on  the 
amplitude  of  the  potential  step,  and  thus  were  ascribed  to  high 
attractive  electron-ion  interactions  with  an  interaction 
parameter  Ig  l<  lgcritl  where  the  critical  value  gcril  defines  the 
condition  of  first-order  phase  transition.  This  conclusion  based 
on  the  application  of  lattice-gas  models  to  Li-intercalation  into 
transition  metal  oxides  seems  to  be  in  excellent  agreement  with 
essentially  single-phase  mode  of  the  reaction  in  this  potential 
range  (Hi  phase)  for  the  two  compounds. 

In  contrast,  at  higher  de-intercalation  levels  (i.e.  at  E  >  3.6  V) 
the  two  electrodes  exhibit  quite  different  electroanalytical 
behavior;  Rather  sharp  peaks  on  the  Cinl  vr  E  plot  for  LixNi02 
electrode  correlate  well  with  the  distinct  minima  on  log  D  vs.  E 
curves,  which  become  deeper  as  the  amplitude  of  the  potential 
increment  decreases.  In  the  case  of  LixCoo.2Nio.gO2,  for  the 
potential  region  between  3.60  and  4.15  V  only  two  flat  peaks  at 
around  3.70  and  4.00  v  appear  on  the  Cjnt  vs  E  plot.  The 
corresponding  log  D  vs.  E  relationship  contains  only  minor, 
practically  indistinguishable  minima,  such  that  this  relationship 
is  independent  of  the  amplitude  of  the  potential  increment. 

Conclusion. 

Both  types  of  the  electroanalytical  behavior  have  been  found  to 
strongly  correlate  with  the  character  of  structural  changes 
occurring  in  the  bulk  of  LixNi02  and  LixCo0.2Nio.g02  electrodes 
during  Li-intercalation  (as  is  seen  in  Fig.  1).  This  makes  the 
application  of  lattice-gas  models  for  the  description  of  Li- 
intercalation  into  transition  metal  oxides  both  reliable  and  self- 
consistent. 
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Fig.  1  Plots  of  differential  intercalation  capacity,  Cint,  and  the 
chemical  diffusion  coefficient  of  Li-ions,  D,  vj.  potential  for 
LixNi02  and  LixCoo.2Nio.gO2  electrodes  (a  and  b,  respectively). 
Phase  diagrams  shown  in  the  bottom  of  the  figures  were 
obtained  by  in-situ  XRD. 
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Introduction. 

Commercialization  of  rechargeable  Li-ion  batteries  during 
recent  years  has  stimulated  interest  in  the  elucidation  of  the 
mechanisms  of  Li  intercalation  into  transition  metal  oxides 
which  function  usually  as  composite  cathodes.  Although 
electroanalytical  characterization  of  these  materials  can  be 
semi-quantitatively  carried  out,  much  more  direct  and  precise 
information  is  expected  to  be  obtained  with  pure  oxide 
materials  in  the  form  of  thin  films.  Vacuum-deposited  V205 
films,  well-crystallized  after  annealing  at  about  400°  C, 
present  almost  an  ideal  model  system  for  the  elucidation  of  Li- 
intercalation  mechanisms  using  a  variety  of  in-situ  techniques: 
simultaneous  application  of  SSCV,  PITT,  EIS  [1]  as  well  as 
conductometry  [2],  EQCM  and  AFM. 

Experimental. 

V205  films  of  ca.  1600  A  thick  were  thermally  evaporated  onto 
a  Pt  foil.  The  target  used  was  V205  powder  (Aldrich,  99.99%). 
The  thermal  deposition  rate  was  0.1  A/s.  After  deposition,  the 
microelectrode  array  covered  with  V205  film  was  annealed  at 
400°  C  in  an  oven  over  lh,  and  then  slowly  cooled  to  a  room 
temperature.  The  films  morphology  was  characterized  by 
AFM.  The  electrolyte  solutions  were  comprised  of  Li  salts  in 
alkyl  carbonates  mixtures.  The  performance  of  the  various 
measurements  was  already  described  [1,2]. 

Results. 

Fig.  1  demonstrates  a  close  correlation  between  a  slow-scan 
rate  cyclic  voltammogram  (in  the  form  of  the  differential 
intercalation  capacity,  Cin,  =  I  v“l ,  v  =  0.2  mV  s'1, )  and  the  plot 
of  the  chemical  diffusion  coefficient  D  vs  potential  for  as- 
prepared  V2Os  film.  The  potentiostatic  titration  was  performed 
during  electrode’s  discharge,  thus  the  two  minima  in  the  D  vs  E 
dependence  correspond  almost  precisely  to  the  cathodic  peaks 
of  Qni.  One  can  also  see  s  similarity  in  the  half-peak  widths  of 
the  related  Cim  and  D  vs.  E  curves.  These  highly  resolved  data, 
which  can  hardly  be  obtained  with  the  composite  electrodes, 
are  appropriate  for  theoretical  modeling  using  lattice-gas 
approach.  The  above  correlation  is  due  to  highly  attractive 
electron-ion  interactions  during  Li-intercalation.  Above  a 
critical  value  of  the  attraction  constant  (which  appears  as  a 
parameter  in  the  intercalation  isotherm  chosen  for  describing 
the  intercalation  reaction)  the  process  proceeds  in  the  form  of 
first-order  phase  transition.  Since  SSCV  and  PITT  reflect 
mainly  the  processes  occurring  in  the  long  and  medium-time 
domains,  we  have  also  applied  EIS  in  order  to  receive  a  general 
view  at  the  relaxation  steps  of  the  entire  intercalation  process, 
see  Fig.  2.  This  figure  shows  as  an  example  the  complex-plain 
impedance  spectra  of  thin  Li„V205  electrodes  measured  during 
Li-intercalation  in  the  vicinity  of  the  SSCV  peak  at  3.4  V  (vs. 
Li  I  Li+).  The  low  frequency  (long-time)  domain  of  the  spectra 
is  represented  by  a  sloping  capacitive  line.  Horizontal  lines  in 
Fig.  2  mark  the  points  related  to  different  potentials  (as 
indicated)  but  to  the  same  lowest  applied  frequency  of  2  mHz. 
It  is  seen  that  the  Z"  values  which  are  reciprocals  of  Cim  (Z"  = 
l/wCinl)  reflect  a  deep  minimum  centered  at  ca.  3.4  V.  The 
good  correlation  between  the  results  obtained  by  SSCV  and 
EIS  demonstrates  their  reliability.  The  high  frequency  domain 
of  the  spectra  (which  cannot  be  reflected  by  SSCV)  presents  a 
slightly  depressed  semicircle  shown  as  the  insert  in  Fig.  2.  We 
are  accumulating  evidence  for  the  identification  of  this 
semicircle  with  surface  layers,  which  cover  the  V205 
electrodes,  and  can  be  attributed  to  acid-base  reactions  between 
the  oxide  and  acidic  solution  species. 

Conclusion. 

SSCV,  PITT  and  EIS  applied  in  a  single  study  in  order  to 
explore  Li-ion  intercalation  into  a  thin  V205  electrode  were 
presented.  The  plots  of  Cin,  and  D  vs.  potential  correlate,  and 
were  practically  independent  of  the  technique  used.  Their 


shape  is  consistent  with  a  lattice-gas  approach  assuming  highly 
attractive  electron-ion  interactions  during  Li-intercalation  into 
this  material.  In-situ  EQCM  and  AFM  measurements  of  thin 
V205  electrodes  during  Li  intercalation  are  in  progress. 
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Fig.  1  Plots  of  differential  intercalation  capacity,  Cin,  (v  =  0.2 
mV  s"1)  and  the  chemical  diffusion  coefficient  of  Li-ions,  D,  vs. 
potential  for  thin  LixV205  film  electrode. 

Fig.  2  Nyquist  plots  for  thin  LixV205  film  electrode  measured 
in  the  vicinity  of  the  CV  peak  centered  at  3.4  V.  The  high 
frequency  domain  of  the  spectra  is  presented  in  the  insert. 
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Introduction 

In  this  work,  we  concentrated  on  the  characterization  of 
NayV205  (0.2<y<0.4)  bronze  as  a  cathode  material  for 
rechargeable  Li  batteries.  We  studied  the  correlation 
among  the  3D  structure,  morphology,  electroanalytical 
response  (diffusion  coefficient  of  Li-ions  in  the  bulk, 
impedance  behavior),  and  the  surface  chemistry  and 
performance  of  these  electrodes.  The  high  capacity  (>200 
mAh/g)  and  the  moderate  red-ox  potentials  (around  3  V 
vs.  Li/Li4)  make  N%V205  bronze  a  suitable  cathode  for 
rechargeable  batteries  with  Li  metal  anodes.  The 
moderate  red-ox  potential  is  an  advantage  here,  because 
the  suitable  electrolyte  systems  for  Li  metal-based 
rechargeable  batteries  (in  which  Li  cycling  efficiency  is 
sufficiently  high)  are  based  on  either  cyclic  ethers  (liquid 
systems)  or  derivatives  of  PEO  (polymeric  systems).  The 
anodic  stability  of  these  systems  is  limited  to  4  V  (vs. 
Li/Li4).  Another  important  advantage  of  these  electrodes 
is  their  being  monolithic,  and  hence  can  be  used 
as-prepared,  without  the  need  for  a  composite  structure 
and  the  use  of  a  binder. 

Experimental 

Sodium-vanadium  oxide  NayV2Os  (bronze,  0.2<y<0.4) 
was  electrochemically  synthesized  from  an  aqueous 
electrolyte  solution  comprising  vanadyl  sulphate  (0.2  M/1) 
and  sodium  sulphate  (5  g/1  of  Na4)  as  described 
recently. (1)  The  electrodes  were  thermally  treated  at 
300°C,  2.5  h.  The  thickness  of  the  sodium-vanadate  films 
deposited  on  stainless  steel  plates  was  usually  2-4  pm 
(estimated  by  SEM  and  STM®  techniques).  Electrolyte 
solutions  comprised  of  EC,  DMC  (1:3  by  volume, 
solvents  from  Merck)  and  1M  LiAsF6  (FMC)  were  used 
for  the  electrochemical  experiments.  The  various  types  of 
measurements  used,  including  SSCV,  PITT,  EIS,  FT IR 


Results  and  Discussion 

The  potentiodynamic  response  of  the  NayV205  bronze 
electrode  is  characterized  by  a  pronounced  cathodic  peak 
at  2.51  V  and  two  shoulders  positioned  at  3.51  V  and  2.84 
V,  respectively.  The  CV  features  of  the 
electrochemically-synthesized  material  are  very  similar  to 
those  of  the  P-Nao  33V205  bronze  prepared  by  a  sol-gel 
method.(4) 

The  capacity  fading  of  our  electrodes  in  the  carbonate 
based  solutions  was  less  than  1  promil  per  cycle  (100% 
DOD)  and  the  effect  of  the  charge-discharge  rates  (in  the 
C/20h  -  C/2h  range)  was  negligible.  It  thus  appears  that 
the  kinetics  of  these  electrodes  is  fast  FITR  spectral 


studies  revealed  that  the  electrodes  developed  surface 
films  (probably  due  to  reactions  of  the  vanadium  oxide 
with  trace  Louis  acids  in  solutions).  Highly  resolved 
impedance  spectra  (Nyquist  plots)  could  be  obtained  with 
the  LiKNayV205  electrodes  after  prolonged  cycling.  The 
impedance  spectra  nicely  reflect  all  the  stages  of  Li 
insertion  into  these  electrodes:  Li  migration  through 
surface  films  (high  frequency  semicircle),  charge-transfer 
(medium  frequency  arc),  Li-ion  diffusion  (a 
“Warburg” -type  element),  and  Li  accumulation  in  the 
bulk  (capacitive  behavior  at  the  very  low  frequencies). 
The  figure  below  compares  Li-ion  chemical  diffusion 
coefficients  as  a  function  of  potential,  calculated  from  EIS 
data  (3)  of  fresh  and  cycled  electrodes.  The  difference 
between  these  curves  may  reflect  some  structural  changes 
occurring  upon  cycling.  However,  the  possibility  of 
calculating  D  vs.  E  of  cycled  electrodes  at  high  precision 
from  EIS  proves  the  stability  and  integrity  of  these 
electrodes  during  prolonged  cycling. 
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E,  V  vs.  Li/LC 

The  diffusion  coefficient  of  Li-ion  into  NayV205  as  a 
function  of  potential  for  pristine  and  cycled  electrodes  (as 
indicated),  calculated  from  EIS  (the  “Warburg”  region). 
Typical  impedance  spectra  of  these  electrodes  (at  3.2  V 
vs.  Li/Li4)  are  also  presented. 
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LiFcP04,  which  has  an  olivine  structure,  is  an 
attractive  cathode  material  for  lithium  ion  batteries  in 
terms  of  environmental  benignity  and  easy  to  availability. 
However,  it  was  reported  that  high  rate  charging  and 
discharging  were  difficult  to  achieve  in  an  ordinary  liquid 
electrolyte  cell  at  room  temperature  [1].  LiFeP04  was 
studied  as  a  way  to  overcome  this  problem  and  recently 
this  material  has  been  reported  to  perform  well  in  a 
lithium  battery  system  [2].  We  have  studied  the  synthesis 
process  and  electrochemical  characteristics  of  LiFeP04. 

We  prepared  LiFeP04  by  firing  a  stoichiometric 
mixture  of  Fc(C00)r2H20,  (NH4)2HP04  and  LiOH  H20 
at  various  temperatures  from  675  to  800  °C  in  an  argon 
atmosphere.  We  evaluated  its  electrochemical 
characteristics  by  using  a  coin  type  cell  with  lithium  metal 
anode  and  l  M  LiPF6  in  ethylene  carbonate  /  dimethyl 
carbonate  (1  :  1  in  volume)  electrolyte.  The  cells  were 
cycled  galvanostatically  between  3.0  and  4.0  V. 

Figure  1  shows  charge  and  discharge  curves  of  the 
Li/LiFeP04  cells  at  the  10th  cycle  for  different 
preparation  temperatures  of  675,  725  and  800  °C.  The 
charge  and  discharge  behavior  was  evaluated  at  20  °C  and 
at  0.5  mA-cm'2.  The  capacity  of  the  cell  increased  as  the 
preparation  temperature  decreased  and  reached  1 15 
mAhg'1  for  the  cell  whose  compound  was  prepared  at 
675  °C.  This  is  about  double  the  capacity  for  a  cell  whose 
compound  was  prepared  at  800  °C.  The  voltages  of  the 
plateaus  seen  in  the  charge  and  discharge  curves  were 
almost  the  same  regardless  of  the  preparation  temperature. 
This  means  the  preparation  temperature  did  not  affect  the 
overvoltage  of  the  LiFeP04  electrochemical  reaction  at 
the  surface  of  the  particles,  where  the  early  charge- 
discharge  reaction  proceeds.  Our  SEM  observations 
showed  that  high  temperature  preparation  causes  particle 
growth  and  a  reduction  in  the  surface  area.  It  has  been 
reported  that  the  capacity  of  the  LiFeP04  electrode  is 
limited  by  the  lithium  diffusion  rate  in  LiFeP04  particles 
[1].  With  large  particles,  the  lithium  ions  must  diffuse 
over  a  greater  distance  between  the  surface  and  center  of 
the  particles  on  insertion  or  extraction,  and  the  LiFeP04 
near  the  particle  center  cannot  contribute  easily  to  the 
charge-discharge  reaction.  Hence  the  particle  growth  that 
occurs  during  high  temperature  LiFeP04  preparation 
reduces  the  capacity. 

Figure  2  shows  the  cycle  performance  of 
Li/Li FeP04  cells  operated  at  20,  40,  60  and  80  °C.  The 
LiFeP04  compound  used  here  was  synthesized  at  675  °C 
and  the  charge- discharge  cycling  test  was  undertaken  at 
0.5  mA-cm'2.  The  discharge  capacity  of  the  cell  increased 
as  the  operating  temperature  was  increased.  At  80  °C,  the 
initial  discharge  capacity  reached  155  mAh  g'1,  or  about 
1 .35  times  higher  than  that  observed  at  20  °C.  This 
capacity  increase  indicates  that  the  lithium  diffusion  in 
LiFeP04  is  enhanced  by  elevated  temperature  and  that 
LiFeP04  compounds  nearer  the  center  of  the  particle  are 
utilized. 
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Fig.  1  Charge-discharge  curves  of  Li/LiFeP04  cells  at 
10th  cycle  with  LiFeP04  prepared  at  different 
temperatures,  675,  725  and  800  °C.  Measurement 
temperature  is  20  °C  and  current  is  0.5  mA-cm'2. 


Fig.  2  Cycle  performance  of  Li/LiFeP04  cells  at  20,  40, 
60  and  80  °C.  LiFeP04  was  prepared  at  675°C  and 
charge-discharge  current  is  0.5  mA-cm’2. 
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INTRODUCTION 

Lithium  ion  cells  are  now  widely  accepted  as  high 
energy  density  secondary  batteries.  Rechargeable 
magnesium  cells  may  be  another  candidates  of  a  high 
energy  density  cell,  because  the  raw  material  costs  may 
lower  those  in  lithium  ion  cells  and  because  magnesium  is 
less  dangerous  than  lithium.  However,  Mg2+  insertion  into 
ion-transfer  host  proceeds  slowly  owing  to  the  strong 
solvation  of  small  and  divalent  Mg2+  ion  compared  to  Li+ 
or  Na+  [1].  In  this  study,  a  series  of  transition  metal 
phosphates,  Mgo.5+y(FeyTii.y)2(P04)3  (MFTP),  modified 
from  Mgo5Ti2(P04)3  (MTP)  are  investigated  as  a 
magnesium  host.  Since  MTP  and  the  well-known  fast  ion 
conductor  of  NASICON  are  isostructural,  fast  Mg2+ 
transport  may  be  expected  in  the  MTP  lattice  [2]. 

EXPERIMENTAL 

Mgo.5+y(FeyTii.y)2(P04)3  samples  were  prepared  as 
follows;  0.1  mol¥dm'3  Mg(CH3C00)2¥4H20  and  0.1 
mo!¥dm‘3  NH4H2P04  aqueous  solutions  were  prepared 
separately,  in  addition  to  0.1  moI¥dm'3  FeCl3  and  0.1 
mol¥dm‘3  C4H90[Ti(0C4H9)20]4C4H9  ethanol  solutions. 
These  solutions  were  mixed  at  the  calculated  ratio  to  give 
the  composition  y.  The  obtained  sol  solution  was  further 
stirred  at  70°C  for  6h  to  form  a  gel,  which  was  dried  at  90 
°C  for  12  h  to  give  a  powder.  It  was  heated  at  300  and  then 
500  °C  to  remove  ammonium  and  acetate  groups, 
followed  by  final  firing  at  700°C  for  24 h. 

Electrochemical  magnesium  insertion  from  1  moI¥dm'3 
Mg(C104)2/PC  solution  was  performed  in  a  cylindrical 
glass  cell.  Sample  electrode  was  prepared  from  the 
mixture  of  MFTP  (or  MTP),  acetylene  black  and  PTFE 
(mass  ratio;  70:25:5).  Magnesium  ribbon  was  used  as  a 
counter  electrode.  Reference  electrode  consisted  of  silver 
wire  immersed  in  0.1  mol¥dm‘3  AgC104/PC,  which  was 
separated  from  the  cell  electrolyte  by  a  glass  filter. 

RESULTS  AND  DICUSSION 

MFTP  having  the  same  lattice  as  MTP  could  be 
obtained  as  a  single  phase  only  at  0»  y  0.5,  and  FeP04 
appeared  at  0.5  <y  as  the  second  phase.  The  effects  of  Ti4+ 
substitution  with  Fe3+  on  lattice  parameters  are  shown  in 
Fig.  1,  where  the  shrinkage  in  c-axis  occurs  due  to  the 
relaxed  0-0  repulsion  in  (Ti,  Fe)06  octahedra  and  to  the 
bond  formation  between  introduced  excess  Mg2+  and  O  in 
(Ti,  Fe)Oe  octahedra.  On  the  other  hand,  a-axis  expands 
to  compensate  the  c-shrinkage  in  the  flexible  NASICON 
framework  [3,  4],  though  a  slight  decrease  in  the  unit 
volume  is  observed. 

Discharge  curves  of  MFTP  (y  =  0.5)  and  MTP  are 
compared  in  Fig.  2.  The  plateau  at  about  -  1.6  V  (vs. 
Ag+/Ag)  appears  only  for  MTP.  At  1.5  •  x,  MFTP  and 
MTP  show  substantially  identical  discharge  potential 
below  -  2.4  V,  where  x  denotes  the  calculated  amount  of 
inserted  Mg2+  per  formulae.  From  these  results,  it  may  be 
suspected  that  the  cation  sites  for  foreign  Mg2+  ions  are 
available  only  in  MTP  and  these  sites  are  already 
occupied  by  preexisting  Mg2+  in  excess  in  MFTP.  A 


preliminary  XRD  study  after  discharge  shows  that 
magnesium  insertion  can  proceed  topotactically  as  a 
single  phase  reaction  into  both  MFTP  and  MTP,  where 
the  unit  cell  parameters  remain  almost  constant  at  various 
stages  of  magnesium  insertion.  It  is  possible  to  suppose 
that  Mg2+  can  be  accommodated  in  the  host  without  any 
phase  transition,  because  there  are  large  cation  sites  in 
NASICON-type  compounds. 
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Cathodic  materials  for  rechargeable  Li 
batteries  have  been  the  focus  of  intense  research 
for  a  number  of  years.  Among  the  candidates  for 
cathodic  materials,  manganese  oxides  are  par¬ 
ticularly  attractive.  Much  research  is  focusing 
currently  on  the  application  of  the  spinel 
LiMn204  phase  to  lithium-ion  batteries.  For  the 
electrochemically  reversible  intercalation  of 
lithium,  vacant  spacing  in  the  host  plays  an  im¬ 
portant  role  to  improve  the  intercalation  dy¬ 
namics.  Among  various  manganese-based  oxide 
frameworks  which  are  roughly  classified  into 
tunnel  structures  (ID),  layer  phases  (2D),  and 
spinels  (3D),  “todorokite”  would  possesses  larg¬ 
est  tunnel  structure,  which  consists  of  triple 
chain  of  edge-sharing  MnC>6  octahedra  that  form 
3x3  channels  as  shown  in  Fig.  1  [1].  Recently, 
the  synthesis  of  a  thermally  stable  todorokite  by 
combination  of  an  aqueous  solution  and  hy¬ 
drothermal  techniques  was  developed  by  Suib  et 
al.  [2,3],  further  a  few  reports  appeared  in  a 
viewpoint  of  the  lithium  battery  application  of 
the  synthesized  todorokite  [4-6].  We  report  here 
the  fundamental  properties  and  relationship 
between  the  synthetic  condition  and  cathode 
performance  of  the  todorokite. 

The  todorokite  manganese  oxide  were 
prepared  according  to  the  previous  literature  [2] 
as  follows: 

1.  Mn(OH)2  was  precipitated  by  an  addition  of 
NaOH  or  KOH  solution  into  MnCl2  solution. 

2.  This  Mn(OH)2  was  oxidized  by  adding 
NaMn04  or  KMn04  to  obtain  layered  bimes- 
site  Na-Mn02  powder  at  room  temperature, 
and  it  was  aged  for  one  week. 

3.  Ion-exchange  of  the  Na+  for  Mg2+  was 
achieved  by  dispersing  the  bimessite  in 
MgCl2  solution  for  one  day  to  obtain  buserite 
Mg-Mn02. 

4.  Todorokite  was  prepared  by  hydrothermal 
treatment  (120  ~  200*  C)  of  the  Mg-buserite 
for  four  days  in  water. 

Electrochemical  investigation  was  undertaken  in 
1  mo!  dm'3  LiC104-propylene  carbonate  using  a 
glass  beaker-type  cell  at  25  ±  2*  C. 

The  todorokite  electrode  obtained  here 
showed  high  electroactivity  in  Li  cell  due  to 


lithium  de/intercalation.  Figure  2  shows  the  cy¬ 
cle  behavior  of  todorokite  electrodes,  which 
contained  some  magnesium  ions  and  water.  The 
todorokite  obtained  at  200*  C  through  the  hy¬ 
drothermal  process  performed  higher  capacity 
of  ca.  220  mAh  g'1  at  the  initial  and  >  100  mAh 
g'1  during  the  initial  20  cycles.  By  further  heat 
treatment  of  todorokites  in  air,  the  battery  per¬ 
formance  was  improved.  In  case  of  magnesium 
insertion,  todorokite  exhibited  higher  capacity 
compared  to  the  a-Mn02  which  is  a  smaller 
tunnel  material  (2  x  2).  We  concluded  that  to¬ 
dorokite  has  a  potential  for  the  application  as  a 
new  electrochemical  intercalation  host. 
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Fig.  1  Schematic  illustration  of  todorokite 
structure  refined  by  the  Rietveld  method  [1]. 


Fig.  2  Cycle  number  vs.  discharge  capacity  plots 
of  todorokite  measured  galvanostatically  at  0.1 
mA  cm'2  in  the  potential  range  from  4.2  to  2.0  V 
vs.  Li/Li+. 
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Introduction 

Numerous  works  have  been  done  to  study  the 
electrochemical  behavior  of  LiMn204,  however, 
almost  all  the  studies  were  carried  out  with 
composite  electrodes  consisting  of  powdered 
electroactive  materials,  an  organic  binder  and  a 
conductive  additive.  Consequently,  it  is  difficult  to 
evaluate  the  intrinsic  kinetic  and  electrochemical 
properties  of  the  active  materials.  To  avoid  these 
complications,  the  preparation  and  characterization 
of  an  additive-free  electrode  such  as  a  thin  film  of 
electrode  materials  should  be  an  attractive  approach. 
Electrochemical  quartz  crystal  microbalance 
(EQCM)  technique  has  been  established  as  a 
powerful  tool  for  in-situ  monitoring  of  mass 
variation  during  electrochemical  reactions.  For  a 
quartz  crystal  to  oscillate,  a  very  small  quantity  of 
active  materials  has  to  be  loaded  to  the  quartz 
crystal  because  the  ratio  of  the  resonant  frequency 
shift  to  the  original  resonant  frequency  should  be 
less  than  0.02.  Thin  film  cathode  materials  should 
be  heat-treated  at  temperatures  below  the 
temperature  of  phase  transition  of  quartz  (573*  ) 
followed  by  deposition  on  the  quartz  crystal  for  the 
EQCM-based  evaluation.  However,  the  preparation 
of  the  thin  film  cathode  materials  usually  requires 
heat  treatments  at  temperatures  higher  than  573*  , 
and  it  limits  the  use  of  EQCM  technique.  Therefore 
low  temperature  synthesis  of  thin  film  cathode 
materials  has  to  be  developed  for  studies  using 
EQCM  technique.  Uchida  et  al.  used  the  EQCM  to 
investigate  the  lithium  insertion/extraction  reaction 
in  LiMn204  film  electrode  prepared  at  400*  by 
electrostatic  spray  deposition  (ESD)[1].  As  an 
alternative  to  the  low  temperature  synthesis  of  thin 
film  cathode  materials  for  EQCM  study,  we 
prepared  additive-free,  Au-codeposited  LiMn204 
electrodes  with  a  very  small  amount  of  the 
powdered  cathode  materials  and  studied  their 
physical  and  electrochemical  properties. 

Experimental 

Au-codeposited  LiMn204  electrode  was  prepared  on 
a  platinum  substrate  by  embedding  the  particles  of 
Lii+xMn204  (kerr  McGee  Chemical  LLC  products, 
210  grade,  X=0.06~0.08)  into  an  electrodeposited 
coating  of  metallic  gold.  Identification  of  the 
molecular  structure  of  codeposited  LiMn204  was 
done  to  observe  any  chemical  changes  of  the 
particles  during  the  preparation  of  electrode  by 
microRaman  spectroscopy.  The  electrode 
crystallographic  structure  was  analyzed  using  X-ray 
diffraction  and  morphology  change  of  the  Au- 
codeposited  electrode  according  to  the  deposition 
time  was  studied  using  scanning  electron 
microscope.  And  electrochemical  behavior  of 
codeposited  electrode  was  studied  by  cyclic 
voltammetry.  Test  cells  were  assembled  using 
codeposited  electrode  as  a  working  electrode, 
lithium  foils  as  counter  and  reference  electrode,  and 


a  1.0M  lithium  perchlorate  (LiC104),  propylene 
carbonate  (PC)  solution  as  the  electrolyte. 

Results  and  Discussion 

Fig.  1  shows  the  microRaman  spectra  of  pure 
LiMn204  powders  and  Au-codeposited  LiMn204 
electrode.  The  lithium-excess  pure  LiMn204 
powder  showed  band  at  632»  and  it  could  be 
clearly  ■  identified  in  Au-codeposited  LiMn204 
electrode.  And  Raman  response  of  electrodeposited 
gold  was  negligible  as  shown  in  Fig.  1(c).  No 
Raman  shift  observed  in  Fig.l  indicates  that  the 
molecular  structure  of  Au-codeposited  LiMn204 
electrode  has  not  been  changed  during  electrode. 
Other  physical  and  electrochemical  properties  of 
Au-codeposited  electrode  will  be  presented  in  the 
meeting. 

Fig.l.  MicroRaman  spectra  (a)  pure  LiMn204 
powders,  (b)Au-codeposited  LiMn204  powders, 
(c)electrodeposited  Au 
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Atomistic  computer  simulation  and  x-ray 
absorption  techniques  are  used  to 
investigate  lithium  and  proton  insertion, 
and  cation  dopant  sites  in  the  LiMn204-  X- 
MnC>2  system.  We  examine  the 
mechanisms  and  pathways  for  lithium  ion 
migration  through  the  interstitial  space  of 
the  spinel  lattice.  Evaluation  of  the  data 
predicts  that  Li-ion  diffusion  in  spinel 
manganates  is  rather  slow  compared  with 
layered-structured  materials.  In  aqueous 
acid  the  lithium  ions  in  Mn(IV)-rich 
spinels  are  readily  exchanged  for  protons 
without  modification  of  the  Mn  oxidation 
state.  The  local  structures  around  Mn 
vacancy  defects  are  modelled  to  determine 
their  effect  on  lithium  and  O-H 
configurations.  This  work  includes 
simulations  of  the  lattice  (and  O-H) 
vibrational  modes  allowing  their  Raman 
and  infrared  spectra  to  be  assigned.  Such 
phonon  calculations  support  the 
assignment  of  two  observed  IR  bands  to 
vibrations  of  the  hydroxyl  group  co¬ 
ordinated  to  a  Mn  vacancy.  We  have  also 
examined  the  effects  on  local  structure 
from  substitution  of  Mn  in  LiMn204  by 
various  cation  dopants  (e.g.,  Cr,  Co,Ga); 
the  simulations  are  compared  with  data 
from  EXAFS  studies.  Results  of  recent 
modelling  work  on  the  effects  of  oxygen 
non-stoichiometry  and  fluoride 
substitution  will  be  presented. 
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sample. 

The  powder  X-ray  diffraction  measurement  was 
carried  out  at  the  tube  voltage  40kV  and  current  150mA. 
Samples  are  scanned  within  2«  range  of  10*  90*  at  a 
speed  of  0.5*  /min. 


Introduction 

LiCo02  is  commercially  used  as  positive  electrode  of 
lithium  ion  battery.  The  structure  of  high  temperature 
LiCo02  is  a  space  group  of  R-3m  which  has  alternately 
ordered  lithium  and  cobalt  layers.  This  ion  arrangement 
is  not  easily  perturbed  under  usual  synthetic  conditions. 
Thus,  LiCo02  has  been  believed  to  always  occur  in  the 
stoichiometric  form.  This  makes  a  sharp  contrast  to  the 
identical  structural  material,  LiNi02,  which  inevitably 
contains  cubic  domains  to  some  extent.  The  electrode 
behaviors  based  on  lithium  intercalation  show  strong  and 
complicated  dependence  on  degree  of  disorder  of  Li  and 
Ni  layers.  On  the  other  hand,  there  are  few  studies  of 
LiCo02  from  detailed  structural  aspects  due  to  much  less 
tendency  to  show  such  disordered  structure. 

Recent  studies,  however,  show  preparation  of  LixCo02 
with  x>l,  when  initial  nominal  composition  is  set  at 
Li/Co>l.  Delmas  et  al.,  reported  that  oxygen  defects  are 
generated  in  a  lithium-rich  LixCo02  together  with  the 
occurrence  of  divalent  Co2+.  They  found  that  Co2+  in 
cobalt  layer  decreases  electronic  conductivity  and 
restrains  phase  transition.  As  shown  in  these  literatures, 
slight  structural  defects  play  a  crucial  role  even  in 
LiCo02. 

In  this  study  the  relation  between  synthetic  condition, 
non-stoichiometry  and  electrode  characteristics  of  LiCo02 
is  discussed.  We  at  first  synthesize  LixCo02(x>l)  with 
wider  range  of  compositions  in  order  to  survey  the 
structural  change.  Secondary,  the  products  are 
characterized  in  detail  by  X-ray  diffraction,  7LiNMR, 
iodometry,  Induced  coupled  plasma  spectroscopy(ICP) 
etc.  Our  TG  measurements  indicate  that  the  sample  loses 
oxygen  around  800*  with  increasing  Li/Co  ratio.  In 
order  to  evaluate  effect  of  oxygen  vacancies  on  structure 
and  electrochemical  properties,  products  are  treated  under 
high  oxygen  pressure  to  reduce  the  number  of  defects. 

Experimental 

LiOH  and  C03O4  were  mixed  well  in  an  agate  mortar 
at  nominal  compositions,  Li/Co=1.02,  1.05,  1.10,  1.15, 
1.20,  1.25,  1.30.  Cobalt  content  in  C03O4  was  determined 
from  thermogravimetric  analysis.  Six-hour  calcination  of 
the  mixture  was  done  at  750*  ,  followed  by  24  hour 
annealing  at  850*  in  air  atmosphere. 

The  stoichiometry  of  products  was  determined  from 
combining  two  types  of  data.  ICP  measurement  was  used 
to  determine  Li/Co  molar  ratio.  The  sample  was 
dissolved  in  hydrochloric  acid  10ml,  then  diluted  to  adjust 
the  concentration  being  within  1«  lOppm  range.  Fixed 
amount  of  yttrium  was  added  to  the  tested  solution  as  an 
internal  standard.  Cobalt  valence  was  decided  from 
iodometry.  In  this  analysis,  the  reduction  of  Co3+  to  Co2+ 
was  achieved  by  adding  I'  into  the  hydrochloric  solutions 
of  LiCo02.  Back  titration  of  resulting  I3'  was  carried  out 
by  sodium  thiosulfate.  Oxygen  content  ”y”  in  LixCoOy 
was  calculated  based  on  the  data  “x”  from  ICP  result. 
The  average  valence  of  cobalt  was  then  obtained.  ICP 
and  iodometry  results  can  only  provide  relative  ratio 
between  Li,  Co  and  O.  In  order  to  obtain  the  absolute 
chemical  formula,  another  information  about 
stoichiometry  such  as  specific  density  is  necessary. 
Here,  we  use  the  relative  compositions  to  refer  each 


Results  and  Discussion 

The  determined  stoichiometries  of  products  and  cobalt 
valence  are  summarized  in  Table  1.  According  to 
increase  of  Li/Co  ratio,  cobalt  valence  decreases 
monotonously.  The  valence  of  cobalt  is  classified  into 
three  groups.  In  1.02  <Li/Co<1.14,  the  valence  takes  the 
value  around  3.0.  It  means  that  Co2+  amount  in  these 
samples  is  quite  small.  The  cobalt  valence  decreases  to 
around  2.9  in  the  next  region  1.20  <Li/Co<1.26.  In  the 
third  group,  the  cobalt  valence  is  abnormally  low  at 
Li/Co=1.60,  and  it  is  the  effect  of  impurity  phase  which 
appears  in  X-ray  diffraction  pattern.  The  sum  of  lithium 
and  cobalt  molar  numbers  in  the  formula  takes  a  value 
beyond  2.0.  This  leads  to  that  cobalt  valence  goes  below 
3.0.  The  actual  crystal  structure  can  be  interpreted  in  two 
ways.  One  is  considering  the  existence  of  oxygen  defects, 
that  is,  oxygen  stoichiometry  is  not  2.0.  As  the  second 
possibility,  it  is  assumed  that  more  cations  than  total 
octahedral  holes  exist.  Latter  situation  is  unlikely  to 
occur  because  it  requires  simultaneous  occupation  of 
tetrahedral  and  octahedral  holes. 

The  lattice  parameter  of  each  sample  refined  by  the 
Rietveld  method  is  plotted  against  Li/Co  ratio  in  Fig.  1. 
The  lattice  constant  is  continuously  decreasing  with  Li/Co 
ratio.  After  high  pressure  oxygen  treatment,  the  lattice 
parameter  significantly  increases.  This  confirms  that 
oxygen  is  doped  into  the  vacancies  that  were  prepared 
under  normal  condition.  The  expansion  of  interlayer 
distance  by  the  treatment  is  attributed  to  increasing 
electrostatic  repulsion  between  oxygen  layers. 


Table  1  LiCo02  composition  determined  by  ICP  and 
iodometry.  Oxygen  stoichiometry  is  fixed  as  2.0. 


Nominal 

Li/Co 

ICP  value 
Li/Co 

Cobalt 

valence 

Composition 

1.02 

1.02 
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Fig.  1  c-axis  lattice  parameter  change  against  LtfCo  ratio. 
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Introduction 

Recently  mixed  oxides  of  the  formula  Li(Ni1.xCox)02,  x  = 
0.1 -0.3,  have  been  examined  as  possible  substitute  for 
LiCo02  as  the  cathode  material  in  lithium  ion 
batteriesf  1 ,2] .  Cobalt  doping  has  a  large  beneficial  effect 
in  suppressing  the  crystallographic  phase  transitions  in 
LiNi02  and  thereby  reduces  the  capacity-fading.  It  has 
been  proved  that  only  Ni-ions  participate  in  the  charge- 
discharge  process  in  Li(Ni1.xCox)02  for  the  voltage 
window  of  2.5-4. 3  V.  Optimization  of  the  parameters  like 
particle  size  and  morphology  can  yield  higher  initial 
capacities  and  lower  capacity-loss  during  the  first  charge- 
discharge^].  However,  capacity-fading  ranging  from  25- 
35  %  occurs  after  50-100  cycles  in  cells  with  the  above 
mixed  oxide  cathodes,  with  Li  or  graphite  anode  and 
liquid  electrolyte.  Presently  we  employed  yttrium  as  an 
additional  dopant  and  studied  the  cathodic  behavior  of 
phases,  Li(Ni|.vyCoxYy)02 ,  x  =  0.3  and  y  =  0.02-0.05. 

Experimental 

The  compounds  v/ere  synthesized  by  the  high  temperature 
solid  state  reaction  using  high-purity  raw  materials  in  an 
oxygen  atmosphere  and  characterized  by  XRD,  SEM, 
surface  area  and  particle  size  analysis.  Electrochemical 
tests  were  done  on  coin  cells  with  the  mixed  oxide  as 
cathode,  Li  metal  foil  as  anode  and  LiPF6  in  EC+DEC  as 
electrolyte  and  Bitrode  (USA)  battery-tester.  Cathode  was 
fabricated  with  15  mg  of  oxide,  super  P  carbon  as 
additive  and  PVDF  as  binder  and  NMP  solvent.  The  cells 
were  cycled  between  3. 0-4. 2  V  at  a  current  of  0.5  mA  and 
up  to  100  cycles, 

Results  and  Discussion 

Compounds  with  x=0.3  and  y=0.02,0.05  have  been 
prepared  and  studied.  We  found  that  synthesis  conditions 
need  to  be  optimized  to  give  best  cathodic  behavior. 
Using  thoroughly  mixed  LiN03l  NiO,  Co304  and  Y203  , 
the  heating  conditions  are:  300°C;  5  hrs;  750°C;  13-20 
hrs;  slow  cool  (60  °C/1 h;  flowing  02  gas(0.2-0.6  1/min). 
Black  free-flowing  powders  with  surface  area  (BET) 
ranging  from  0.5-1. 4  m2/g  and  particle  size  of  10-15  p  are 
obtained.  XRD  has  shown  that  single  phase  compounds 
are  formed  with  the  a-NaFe02  structure  with  negligible 
cation- mixing.  The  lattice  parameters  are  in  agreement 
with  those  reported  in  Ref. [1,2].  The  first-charge  capacity 
for  Li(Ni  0.7Coo.3  )02  is  196  mAh/g  (at  0.5  mA).  The 
expected  theoretical  value,  assuming  that  Ni-ions  only 
will  participate  in  the  charging  process(3.0-4.3V  window) 
is  192  mAh/g.  The  second-charge  capacity  falls  to  171 
mAh/g  indicating  87  %  charge-efficiency.  The  first- 
discharge  capacity  also  falls  to  167  mAh/g  and  after  a 
slight  increase  up  to  5  cycles,  slowly  decreases  to  111 
mAh/g  after  100  cycles.  This  works  out  to  58  %  of  the 
theoretical  value.  The  discharge  capacity,  expressed  as  a 
%  of  theoretical  value,  is  plotted  against  the  cycle  number 
in  Fig.l. 

For  the  Y-doped  compound  (y=0.02),  the  measured  first- 
charge  capacity  is  180mAh/g  and  falls  to  154mAh/g  for 
the  second-charge.  The  first-discharge  capacity  is  151 
mAh/g,  and  after  a  slight  increase  to  155  mAh/g  up  to  5 
cycles,  gradually  decreases  to  124  mAh/g  after  100  cycles 
(Fig.l).  Thus  a  capacity-loss  of  only  16  %  occurs  for  Y- 
doped  phase  compared  to  29  %  loss  for  undoped  phase  at 


the  end  of  100  charge-discharge  cycles. 

Acnowledgement:  Thanks  are  due  to  Ms.  Doreen  Lai  for 
technical  assistance. 

References 

[IJI.Saadoune  and  C.Delmas,  J. Solid  State  Chem 
136,8(1998). 

[2]  J.Cho  et  al,  J.Electrochem.  Soc.,146, 

3571(1999);  147,  15  (2000). 


Fig.l.  Discharge  capacity  vs  cycle  number. 
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Introduction 

As  well  known,  the  lithium-manganese-spinel  is 
one  of  the  most  attractive  cathode  material  of  Li-ion 
secondary  batteries.  The  conventional  synthetic  method 
of  the  lithium-manganese-spinel  is  the  calcination  method 

[1].  However,  high  temperature  firing  is  required  in  this 
synthetic  process,  because  of  making  long-range  diffusion 
of  the  reactants  possible.  Furthermore,  such  long-range 
diffusion  of  the  reactants  may  cause  non-homogeneity, 
abnormal  grain  growth  and  poor  control  of  composition.  It 
is  known  that  the  electrochemical  properties  of  the  lithium- 
manganese-spinel  significantly  depend  on  its 
homogeneity,  grain  size  and  composition  [2]. 

From  this  background,  our  group  adapted  the 
hydrothermal  method  to  synthesize  the  lithium- 
manganese-spinel.  The  hydrothermal  method  enables  to 
synthesize  a  homogeneous  material  at  far  lower 
temperature  than  that  of  the  conventional  calcination 
method.  We  have  already  succeeded  and  reported  to 
synthesize  the  lithium-manganese-spinel  hydrothermally 
through  y-MnOOH  in  the  LiOH  aqueous  solution  at  150°C 
[3].  However  the  characteristics  of  the  obtained  spinel  are 
rather  complicated.  The  chemical  composition  and  grain 
size,  thus  electrochemical  properties,  strongly  depend  on 
its  synthetic  conditions,  e.g.,  the  starting  material,  the 
concentration  of  aqueous  solution,  the  reaction  time,  and 
the  reaction  temperature. 

In  this  work,  we  aimed  to  determine  the 
conditions  for  the  lithium-manganese-spinel  in  the 
hydrothermal  synthesis  through  y-MnOOH.  Afterward, 
the  characteristics  of  the  obtained  spinel,  especially  the 
electrochemical  properties,  were  investigated  in  detail. 

Experimental 

y-MnOOH  was  chosen  as  a  starting  material  of 
Mn  compound.  LiOH  and/or  LiCl  were  used  as  the  Li  ion 
supplier.  When  LiCl  was  chosen,  MeOH  (Me=Na,  K,  Li) 
aqueous  solution  was  added  for  controlling  OH .  The 
concentration  of  MeOH  solution  was  between  0.050  and 
l.OOOmol//.  After  a  certain  amount  of  y-MnOOH  powder 
and  Li  ion  supplier  were  dispersed  in  the  MeOH  solution, 
the  reaction  vessel  was  heated  at  the  desired  temperature 
at  130-170°C  for  48~144h. 

XRD  and  SEM  were  used  for  the 
characterization  of  the  obtained  precipitates.  The  molar 
ratio  of  Li  to  Mn  was  determined  using  ICP.  The  average 
valence  of  Mn  ions  was  determined  by  the  inverse 
oxidation-reduction  titration  using  ferrous  sulphate  as  a 
reducing  agent  [4].  The  electrochemical  properties  of  the 
lithium-manganese-spinel  were  investigated  with  coin  type 
test  cells.  A  positive  electrode  was  made  of  a  composite  of 
the  lithium-manganese-spinel,  the  acetylene  black  and 
PTFE.  A  negative  electrode  was  an  Li  metal  foil.  An 
electrolyte  was  a  solution  of  lmol//  LiC104  in  1 :1  mol%  EC 
and  DEC.  The  cells  were  charged  /  discharged  at  the 


constant  current  density  of  200jiA/cm2  and  the  cut-off 
voltages  were  3.5  and  4.3V. 

Results  and  Discussions 

The  single  phase  of  the  lithium-manganese- 
spinel  was  obtained  using  the  hydrothermal  reaction 
through  y-MnOOH  both  in  the  LiOH  aqueous  solution  and 
in  the  LiCl  +  NaOH  aqueous  solution.  The  synthetic 
conditions  for  the  single  phase  of  the  lithium-manganese- 
spinel  were  0.05(H).  150mol//  LiOH  aqueous  solution  at 
130-170°C  and  O.lOOmol //  NaOH  aqueous  solution  at 
150-1 70°C.  The  spinels  obtained  in  the  LiOH  aqueous 
solution  had  a  rod-like  shape  with  the  particle  size  of 
O.lxO.lxljim,  while  the  spinels  obtained  in  the  LiCl  +  NaOH 
aqueous  solution  had  an  octahedron  shape  with  the 
particle  size  of  lpm. 

The  chemical  composition  and  the  theoretical 
capacity  of  the  hydrothermally  prepared  lithium- 
manganese-spinel  are  summarized  in  Table  1.  The  lithium- 
manganese-spinel  obtained  using  the  hydrothermal 
method,  in  general,  had  a  Li-rich  composition.  It  was  also 
found  that  the  chemical  composition  of  the  lithium- 
manganese-spinel  could  be  controlled  by  its  synthetic 
conditions  in  the  hydrothermal  method. 

The  lithium-manganese-spinel  obtained  using 
the  hydrothermal  method  showed  similar  charge/discharge 
properties  as  the  lithium-manganese-spinel  obtained  using 
the  conventional  calcination  method.  These  results 
indicated  that  the  hydrothermal  method  is  useful  as  the 
synthetic  method  of  the  lithium-manganese-spinel. 
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Table  1  Properties  of  the  lithium-manganese-spinels 

Concentration  Temperature  Theoretical 

Li  /  Mn  Li^Mn^O*.,,  capacity 

/  mol/’  i  °C  y  /  mAhg1 


LiOH  solution 
0.050 

3.4 

170 

Li0.95Mn2.04O4.05 

149.00 

0.100 

6.7 

150 

Li1.0aMn1.92O3.97 

124.60 

0.125 

8.4 

130 

Lil.23Mn1.77  03.87 

91.16 

LiCl  +  NaOH  solution 

0.100  1.0  150  Lii  06Mn1.94O3.96  136.16 
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Since  1996,  the  Commissariat  &  1’Energie  Atomique 
(CEA)  has  pursued  intensive  research  on  active  materials 
for  positive  electrode  of  lithium  batteries,  especially  on 
lithiated  manganese  oxides.  Indeed,  these  species  suggest 
to  be  potentially  outstanding  active  materials  because  of 
their  insertion  properties,  due  to  their  numerous  possible 
structures  (spinel  or  tunnelled  or  lamellar  structures)  and 
because  of  their  high  theoric  capacity  (1  Li/Mn)  and  high 
electrochemical  potential.  Moreover,  these  materials  are 
cheap  and  less  toxic  than  the  other  metal  oxide  active 
materials  for  positive  electrode  . 

Nevertheless,  up  to  now,  only  lamellar  or  spinel  lithium 
manganese  oxide  can  be  employed  in  carbon  lithium-ion 
systems.  For  instance,  these  configuration  is  conceivable 
with  spinel  structures  at  4V  but  the  irreversible  loss  of 
20%  lithium  in  carbon  negative  electrode  at  the  first 
charge  does  not  permit  to  reach  competitive  performances 
(typically  115  mAh/g,  4V,  [1])  against  other  oxides  such 
as  cobalt  oxides  (135  mAh/Co,  3.9V).  For  3V  manganese 
oxides,  which  can  develop  higher  specific  capacity  like 
Lio.33Mn02  (150  mAh/g,  2.85V,  500  cycles,  [2]),  their 
integration  in  carbon  lithium-ion  battery  are  only 
envisageable  in  their  fully  inserted  state.  It  is  the  why  the 
CEA  has  engaged  a  research  program  to  develop  a 
synthesis  process  of  overlithiated  manganese  oxides.  The 
objective  was  proposing  an  innovative  process,  which 
would  be  rapid,  efficient  and  cheap,  compared  to  the  n- 
butyl  lithium  based  process,  whose  operating  conditions 
are  not  easily  scaled  up  to  industrial  applications,  [3, 4], 

The  CEA  process  principle  is  based  on  the  Li+  ion  transfer 
from  metallic  lithium  to  manganese  oxide  through  an 
organic  lithiated  compound  formed  in  situ.  Operation  is 
simple  :  it  consists  in  mixing  metallic  lithium  with 
manganese  oxide  to  be  treated  in  stoechiometric 
proportions  in  a  common  liquid  alcohol.  Lithium  reacts 
with  alcohol  and  forms  lithium  alkoxide  and  gaseous 
dihydrogen,  according  to  chemical  reaction  (1).  Lithium 
alkoxide  therefore  looses  its  lithium  ion,  that  inserts  into 
manganese  oxide,  (see  chemical  reaction  (2)). 

Li  +  ROH— >ROLi  +  Vi  H2  (1) 

xROLi  +  LiyMn02  -»  Lix+yMn02  +  « unstable 

organic  compounds  »  (2) 

Synthesis  process  is  performed  under  dried  argon 
atmosphere  between  80°C  and  150°C  depending  on  the 
alcohol  medium.  Powdered  solid  phase  is  then  recovered, 
washed,  dried  and  embedded  in  electrode  matrix  under 
dry  conditions. 

Tests  were  conducted  in  order  to  define  different  process 
parameters  :  operating  conditions  (temperature, 
concentrations,  duration,  ...),  technics  for  separating, 
washing  and  recovering  overlithiated  manganese  oxides, 
kind  of  alcohol  CnH2n.jOH  (value  of  n,  alcohol  class,  ...), 
principal  process  steps  and  additional  specific  treatments. 
These  experiments  were  performed  on  two  manganese 
oxides  :  spinel  Lij.03Mn1.97O4  and  Li0.33MnO2.  They 
showed  that  the  lithium  alkoxide/manganese  oxide 
transfer  factor  was  about  100%  and  that  the  reaction 
kinetics  are  therefore  very  fast  ;  in  the  best  operating 
conditions,  conversion  factor  reached  95%  in  less  than  6 
hours  duration. 


Moreover,  overlithiated  materials  properties  highlighted 
the  CEA  process  efficiency.  Their  mean  value  of  Mn 
valency  is  quite  equal  to  3.00.  Their  specific  capacity 
reaches  in  average  90%  of  the  specific  capacity  of  initial 
compounds,  (see  figure  1).  Morphology  of  overlithiated 
particles  shows  fractures,  probably  resulting  from  lithium 
insertion.  Crystalline  structure  of  manganese  oxides 
overlithiated  by  CEA  process  closes  to  this  one  obtained 
electrochemically. 

The  lithiation  treatment  developed  by  the  CEA  shows  that 
its  application  is  simple,  industrially  feasable,  fast  and 
efficient  with  90%  of  recovered  initial  capacity.  Thus, 
integration  of  manganese  oxide  is  today  tested  in  lithium- 
ion  batteries  for  electric  vehicle  application  within  the 
framework  of  the  European  Joule  project  SHEDELB. 
Moreover  the  CEA  is  now  undertaking  a  research  and 
development  program  to  elaborate  new  outstanding 
lithiated  manganese  oxide  variety  owing  to  its  process. 
Their  use  in  portable  applications  (cellular  phones, 
electronic  devices,  smart  cards,  ...)  is  today  envisageable 
and  the  CEA  is  examining  their  electrochemical 
properties  and  rheological  characteristics  inside  gelled 
polymer  lithium  ion  systems. 


specific  capacity  (mAh/g) 


Figure  1  :  cycling  curve  of  overlithiated  Lij  03Mni  97O4 
(4V,  C/1 0,  EC/DMC/LiPF6  1 M  button  cell) 
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LiNiV04  is  among  the  transition  metal  oxides  which  are 
performing  candidates  as  negative  in  lithium-ion  batteries. 
The  mechanism  of  the  lithium  reaction  is  not  understood 
yet,  in  both  the  structural  and  electronic  aspects.  We  have 
used  X-ray  Absorption  Spectroscopy  (XAS)  at  the 
vanadium  and  nickel  K  edges  to  obtain  information  on  the 
local  atomic  environment  (EXAFS)  and  redox  processes 
(XANES)  during  the  first  discharge  and  the  first  recharge 
of  the  battery.  XAS  experiments  have  been  performed  at 
LURE  in  using  elements  built  according  to  the  plastic 
battery  technique. 

LiNiV04  has  been  synthesized  by  a  “chimie  douce” 
method.  The  amorphous  powder  was  annealed  at  500°C 
and  600°C.  Figure  1  compares  the  voltage  vs.  lithium 
content  for  the  two  samples.  Both  can  reversibly  react 
with  6  lithium  per  formula  unit  corresponding  to  a 
gravimetric  capacity  of  about  850  Ah/kg  but  with  a 
significant  shift.  XAS  data  have  been  collected  on  the  first 
discharge  and  recharge  curves  referenced  from  1  to  7  for 
LiNiV04  -600°C  and  from  A  to  G  for  LiNiV04-500°C  as 
noted  in  figure  1 . 

Figure  2  represents  various  XANES  spectra  at  the 
vanadium  edge.  In  figures  3  and  4  are  gathered  some 
radial  distribution  functions  (RDF’s)  extracted  from 
EXAFS  data  collected  at  the  nickel  and  vanadium  edges 
respectively. 

The  starting  compound  LiNiV04  has  a  spinel  structure  in 
which  vanadium  atoms  occupy  tetrahedra  and  lithium  and 
nickel  are  found  in  octahedra.  The  first  fraction  of  added 
lithium  atoms,  corresponding  to  an  important  voltage 
drop,  induces  dramatic  modifications  in  the  XANES  and 
EXAFS  data.  They  indicate  clearly  that  vanadium  atoms 
move  from  tetrahedra  to  slightly  distorted  octahedra,  with 
a  large  decrease  of  the  prepeak  in  vanadium  edge  and  an 
increase  of  the  V-0  distance  from  1.74 A  to  1.98 A  and 
2.08A.  Another  important  feature  is  the  occurrence  of  a 
shorter  nickel-vanadium  distance  at  about  3.00A.  This 
transformation  is  complete  for  the  sample  2.  At  the 
sample  2,  a  new  distance  of  about  2.43A  appears  on  the 
nickel  K  edge.  Such  a  distance,  attributed  to  metal 
neighbours,  is  not  seen  on  the  vanadium  edge  and 
corresponds  to  a  pairing  or  clusterization  of  nickel  atoms. 
Between  samples  3  and  5,  there  are  little  change  around 
the  vanadium  and  the  nickel.  During  the  recharge,  the 
vanadium  comes  back  to  a  tetrahedral  environment.  At 
the  same  time,  the  XANES  spectra  at  nickel  K  edge  move 
slightly  to  the  higher  energy  indicating  a  weak  oxidation 
of  the  nickel,  but  it  does  not  recover  its  initial  site.  A  short 
distance  Ni-Ni  is  always  observed. 

The  shift  in  discharge  curve  of  the  500°C  compound  is 
attributed  to  a  slower  initial  transformation  of  the  phase. 
As  an  example,  the  vanadium  displacement  from 
tetrahedra  to  octahedra  occurs  for  the  sample  B  instead  of 
sample  2  in  the  600°C  compound.  Furthermore,  the  short 
distance  (2.43A)  appears  weakly  at  the  sample  C.  Up  to 
the  end  of  the  discharge  and  during  the  recharge,  we 
observe  the  same  behaviour  as  in  the  600°C  material 
study. 


Figure  1  :  First  cycle  of  LiNiV04-600°Cand  LiNiV04- 
500°C  /Li  batteries 


Energy 

Figure  2  :  Vanadium  K  edge  for  various  lithium  content 


Figure  3  :  Moduli  of  the  Nickel  K  edge  EXAFS  Fourier 
transforms 


Figure  4  :  Moduli  of  the  Nickel  K  edge  EXAFS  Fourier 
transforms  of  LiNiV04-500  and  LiNiV04-600 
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Electronic  conductivity  of  cathode  material  (based  on 
cobaltales,  niclates  etc.)  is  usually  attained  through 
addition  of  a  known  amount  of  carbon  black1  to 
selected  cathodic  particles.  In  the  optimal  case,  the 
carbon  black  particles  should  surround  each  cathodic 
particle  in  a  form  of  as  thin  as  possible,  but  still 
continuous  film.  In  such  a  case,  electrons  can  reach  the 
entire  surface  of  each  electroactive  particle  with  a 
minimum  amount  of  carbon  black  added. 

In  the  present  paper  we  pursue  two  goals: 

1.  To  find  an  experimental  procedure  which  leads  to 
formation  of  a  thin  and  homogeneous  carbon  black 
film  on  the  surface  cathodic  particles 

2.  To  check  if  the  microimpedance  technique  can  be 
used  for  for  detection  of  continutity  of  the  carbon 
black  film  deposited  on  the  surface  of  cathodic 
particles. 

The  cathodic  particles  (LiMn204  and  LiCo02  both 
obtained  from  Merck)  were  immersed  into  a 
polyelectrolyte  solution  of  known  composition  which 
allowed  for  a  maximum  adsorption  of  polyelectrolyte 
molecules  on  the  surface  of  cathodic  particles.  Known 
amounts  of  the  polyelectrolyte-pretreated  particles 
were  exposed  to  a  series  of  dispersions  of  carbon  black 
particles  with  different  but  known  amounts  of  carbon 
black.  By  appropriate  control  of  experimental 
conditions  (variation  of  pH,  temperature,  mixing  rate, 
salt  content)  we  were  able  to  deposit  all  carbon  black 
particles  on  the  surface  or  between  cathodic  particles, 
regardless  of  the  concentration  of  the  former.  In  this 
way,  we  could  always  determine  the  content  of  carbon 
black  in  the  final  cathode  material.  After  deposition  of 
carbon  black  had  been  finished,  we  separated  the  solid 
particles  from  the  rest  of  dispersion  and  pressed  them 
into  cylinders  (8  mm  in  diameter  and  2  mm  thick). 

Cross  sections  for  microimpedance  measurements  were 
prepared  by  polishing,  but  without  the  presence  of 
water.  Microimpedance  spectra  were  recorded  using  a 
custom-designed  microimpedance  device:  Karl  Suss 
PM5  probe  station  with  built-in  thermochuck  Lincam 
TMS  93.  The  Ag-coated  tungsten  tip  (5  urn  in 
diameter)  of  microelectrode  was  positioned  on  various 
surface  regions  of  interest,  such  as  the  bulk  grain  of 
cathodic  particle,  the  intergrain  region  etc.,  and  the 
corresponding  microimpedance  spectra  were  recorded. 
It  was  found  that  in  the  case  of  continuous  carbon 
black  films,  the  intergrain  conductivity  was  up  to  107 
times  larger  than  the  bulk  grain  conductivity.  If  the 
carbon  black  amount  was  below  a  critical  level,  i.e.  the 
carbon  black  film  became  discontinuous,  the  intergrain 
conductivity  decreased  to  a  value  comparable  to  the 
bulk  grain  conductivity  of  cathodic  particle  (about  10'9 
Scm'1).  Applying  the  described  technique  to  samples 


with  different  content  of  carbon  black,  we  have  been 
able  to  determine  the  critical  concentration  at  which 
the  transition  from  the  continuous  carbon  black  film 
into  discontinuous  coating  occurs.  It  is  important  to 
stress  that  in  the  case  of  polyelectrolyte-pretreated,  this 
transition  occurs  at  much  lower  carbon  black  content  in 
cathode  material  (<1  wt.  %  )  than  in  the  case  of 
classically  prepared  cathode  materials  (5-10  wt%). 
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U2M114O9  revisited  :  crystallographic  and 
electrochemical  studies 
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The  compound  L^MruOg,  initially 
reported  by  de  Kock  et  al.  (Mat.  Res.  Bull.  25 
(1990)  657)  is  an  interesting  material  for  both 
fundamental  crystallochemical  studies  and 
lithium  intercalation,  because  (i)  it  contains 
tetravalent  manganese  only,  (ii)  its  structure 
contains  cation  vacancies  on  both  tetrahedral 
and  octahedral  sites,  according  to  de  Kock’s 
study,  which  yielded  the  structural  formula 
(Li8/9vaci/9)[Mni6/9vac2/9]04,  where  ( )  and  [  ] 
indicate  the  contents  of  tetrahedral  and  octa¬ 
hedral  sites,  respectively.  Such  a  high  cation- 
deficiency  could  lead  to  high  lithium 
intercalation  capacity. 

The  synthesis  of  Li2Mn409,  however, 
is  difficult,  and  subsequent  attempts  by 
several  groups  to  reproduce  de  Kock's  result 
yielded  products  with  a  manganese  oxidation 
state  never  exceeding  ca.  +3.8.  In  this 
communication,  we  reconsider  the  Li2Mn409 
case,  using  three  different  preparation  routes: 
(1)  de  Kock's  low-temperature  solid  state 
reaction  procedure,  (2)  chemical  and  (3) 
electro-chemical  lithium  deintercalation.  In 
the  latter  two  cases,  the  starting  material  was 
the  non-lacunar  Li-Mn-0  spinel  with 
appropriate  Li/Mn  ratio  to  yield  the  desired 
overall  stoichiometry  on  lithium  removal,  i.e. 
Li  [Li^gMn  1 6/g]04. 

Samples  obtained  by  routes  (1)  and  (2) 
were  analyzed  using  chemical  redox  analysis 
and  high-resolution  powder  neutron 
diffraction  collected  on  the  D2B  powder 
diffractometer  at  Institut  Laue-Langevin, 
Grenoble.  Their  electrochemical  behaviour 
was  investigated  using  coin-type  or 
Swagelock  cells  containing  Li  metal/1  M 
LiPF6-EC:DMC/oxide-carbon  black-PTFE 
positive. 

Main  results  are  following: 

a)  chemistry:  samples  1,  2  and  3  are 
quite  different  from  one  another,  with  cubic 
cell  parameters  ranging  from  0.809  nm  for 
chemically-delithiated  sample  2  to  0.817  nm 
for  solid  state  reaction  sample  1.  The  latter  is 
not  single-phase  (it  still  contains  unreacted 
lithium  carbonate),  and  its  average 
manganese  oxidation  state  is  only  3.69, 
compared  to  >  3.97  in  lithium-deintercalated 
samples  2  and  3. 

b)  crystallography:  For  sample  1, 
Rietveld  refinement  of  powder  neutron 
diffraction  data  confirms  the  double-vacancy 
model  (on  both  tetrahedral  and  octahedral 
sites).  The  vacancy  concen-tration,  however, 


differs  significantly  from  the  ideal  1/9-2/9 
scheme  :  our  sample  actually  contains  less 
vacancies  on  octahedral  sites  than  on 
tetrahedral  ones.  Sample  2  contains  no 
vacancies  on  octahedral  sites,  as  expected 
from  the  preparation  route. 

b)  electrochemistry:  samples  1  and  2 
were  investigated  both  galvanostatically  and 
by  step-potential  electrochemical 
spectroscopy  (SPES).  Both  samples  cycle  on 
the  "3V  plateau"  with  clear  characteristics  of 
a  2-phase  system.  On  first  discharge,  sample 
1  exhibits  an  additional  shoulder  attributable 
to  the  filling  of  octahedral  vacancies;  this 
feature  is  not  reversible. 

In  contrast,  SPES  and  differential 
capacity  curves  show  for  sample  2  the 
occurence  of  a  prominent  second  current  peak 
occuring  at  a  potential  ca.  150  mV  above  the 
main  redox  peak.  This  feature  is  reversible 
and  does  not  become  smeared  out  on  cycling. 
It  is  not  observed  on  non-lacunar  manganese 
spinels  LiMn204  or  Li[LixMn2-x]04.  Using  X- 
ray  diffraction  analysis  of  discharged 
batteries,  the  possible  causes  of  this 
additional,  reversible  peak  in  cation-deficient 
sample  2  will  be  discussed. 
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Structural  and  Electrochemical  studies  of  Layered 
Li(Mn|.vMy)02  based  compounds.  I.  M  =  Co. 

A.D.  Robertson.  A.R.  Armstrong,  A.J.  Fowkes  and  P.G. 
Bruce 

School  of  Chemistry ,  University  of  St.  Andrews,  St. 
Andrews,  Fife,  KY16  9ST,  U.K. 

Lithium-ion  batteries  are  one  of  the  major 
technological  successes  of  the  1 990’s.  Layered  LiCo02  is 
commonly  used  as  the  positive  electrode  material, 
however,  cost  and  safety  concerns  have  intensified 
research  into  lithium  manganese  oxide-based  compounds. 
The  spinel,  LiMn204,  represents  a  possible  option  but 
alternative  materials  with  higher  capacities  are  sought. 

In  the  search  for  new  lithium  manganese  oxide- 
based  cathode  materials,  compounds  based  on  layered 
LiMn02  are  of  particular  interest  (1-8).  Extensive  doping 
is  possible  by  replacing,  in  part,  manganese  by  a  variety 
of  other  ions,  and  research  on  these  materials  is  expanding 
rapidly. 

Following  our  initial  studies  on  stoichiometric 
layered  LiMn02  (I)  we  have  prepared  a  range  of 
transition  metal  substituted  layered  lithium  manganese 
oxides  with  the  03  structure  (a-NaFe02  type).  These 
materials  are  formed  by  first  preparing  the  sodium  phase 
then  ion  exchanging  sodium  by  lithium.  Initial  studies  on 
the  Co-doped  system  (4,7,8)  showed  a  relatively  facile 
conversion  to  spine!  within  the  first  few  cycles. 
Conversion  to  spinel  was  hindered,  however,  with 
increasing  Co  content. 

More  recently  we  have  varied  the  synthesis 
conditions  to  produce  Co-doped  materials  with  subtle,  yet 
important,  compositional  and  structural  differences. 
These  newly  developed  compounds  demonstrate 
improved  capacity  retention  and  conversion  to  spinel-like 
structures  occurs  less  readily,  Figures  1  and  2.  The 
transformation  to  spinel  is  inhibited  to  a  greater  extent 
with  increasing  Co  content. 

Rate  capability  data  is  encouraging  with  stable 
capacities  in  excess  of  ^OmAhg'1  being  obtained  on 
cycling  at  25mAg  \  dropping  by  only  about  20mAhg‘l  on 
increasing  the  rate  to  lOOmAg  \  which  corresponds  to  a 
practical  C  rate  of  C/1.5. 

The  effects  of  synthesis  on  stoichiometry, 
structure  and  electrochemical  properties  of  these  Co¬ 
doped  intercalation  compounds  will  be  discussed  in  more 
detail. 
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Figure  1.  Cycling  data  for  Li,Mni.yCoy02,  prepared  by 
low  temperature  ion  exchange.  Rate  =  25mAg  '.  Vhmiu  = 
2.4-4.6V. 

Figure  2.  Load  curves  for  Li,Mni.yCoy02  (y  =  0.025), 


Potential  /  V 

prepared  by  low  temperature  ion  exchange.  Rate  = 
25mAg't. 
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Cyclic  Voltammetric  Study  on 
Stoichiopmetric  Spinel  LiMn204  Electrode  at 
Elevated  Temperature 

S.  Ma,  H.  Noguchi,  and  M.  Yoshio 
Saga  University 
Saga,  Japan 


Spinel  structure  Li-Mn-0  compounds  are  the 
most  promising  lithium  ion  insertion  electrode 
materials  for  rechargeable  lithium  batteries.  In 
order  to  overcome  the  capacity  fading  at  elevated 
temperature,  the  comprehensive  investigations  on 
the  high  temperature  electrochemical  performance 
of  the  spinel  cathode  are  very  necessary.  In  this 
paper,  we  report  on  a  new  phenomenon  found  in 
the  cyclic  voltammometric  study  of  stoichiometric 
spinel  electrode  at  high  temperature  of  more  than 
70°C. 

As  shown  in  Fig.  I,  the  second  reduction 
peak  at  latter  half  intercalation  stage,  x>5.0,  has 
split,  whereas  for  nonstoichiometric  spinel  the 
phenomenon  is  not  observed.  Fig.2  displays  the 
effect  of  scan  rate  on  the  split.  At  lower  scan  rate, 
0.01  mV/s,  a  well-defined  split,  with  a  higher  low- 
voltage  peak,  was  found.  With  the  increase  of  scan 
rate,  the  peak  at  low  voltage  increased,  but 
became  lower  than  the  peak  at  high  voltage,  and 
finally  the  split  disappeared  at  more  than  0.1  mV/s 
of  scan  rate.  Above  result  suggested  that  the 
insertion  of  Li+  at  x>0.5  at  high  temperature,  as 
normal  insertion/extrac-tion  of  Li+  in  spinel 
network,  is  also  a  process  controlled  by  solid  state 
diffusion  of  Li+  ions.  The  process,  analogous  to 
staging  insertion  of  Li+  in  graphitic  carbon,  can  be 
tentatively  considered  relating  to  the  domain 
separation  of  intercalatable  vacancy  energetically 
caused  by  more  intense  Li-Li  interaction  at  high 
temperature. 
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Voltage  /  V  vs.  Li/Li + 

Fig. I.  First  three  cyclic  voltammograms  of 
nonstoichiometric  and  stoichiometric  spinel 
electrodes  in  the  electrolyte  of  1M  LiPF6  EC 
DMC  1 :2  at  different  temperatures. 


Voltage/ V  vs.  Li/Li + 

Fig.2.  Cyclic  voltammograms  of  stoichiometric 
spinel  electrode  in  the  electrolyte  of  1M  LiPF6  EC 
DMC  1:2  at  80°C  with  different  scan  rates:  (a) 
0.01  mV/s,  (b)  0.05  mV/s,  (c)  0.1  mV/s. 
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Electrical  conductivity  and  structural  behaviour  of 

Li1+XMM'(P04)3  (M,M'=Fe,  Zr,  Ti)  phases 
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The  development  of  all-solid-state  rocking  chair  batteries 
is  of  great  interest.  This  goal  is  possible  if  the  polymeric 
electrolytes  arc  replaced  with  solid  ion  conductors.  For 
this  reason  many  lithium  compounds  have  been  and  are 
investigated;  among  these  NASICON  type  structure 
materials  that  generally  show  relatively  high  ionic 
conduction1.  However  electrolytes  having  electrical 
conductivity,  around  10'6-10'5  Ct’cm'1,  at  room 
temperature,  might  be  suitable  for  this  application  if  their 
thickness  is  about  100-200  nm.  To  day  low  cost 
deposition  techniques  (dip  and  spin  coating)  are  available 
and  electrolyte  layers  could  be  obtained  without  great 
difficulties. 

In  the  present  paper  Li2FeZr(P04)3  and  Li2FeTi(P04)3  as 
well  as  the  a  and  (3  LiZr2(P04)3  have  been  prepared  and 
characterized  by  electrical  conductivity  measurements 
and  by  X-ray  powder  diffraction.  The  result  are  compared 
and  analyzed  in  terms  of  the  NASICON  structural 
features. 

All  four  phases  were  prepared  by  ceramic  route 
starting  from  mixtures  of  Li2C03,  NH4H2P04  and  metal 
oxides,  in  proper  ratios.  The  thermal  treatments  of 
pelletized  samples  were  optimized  according  to  each 
phase,  with  temperatures  ranging  from  900  to  1200  °C. 

X-ray  powder  diffractometry  (CuKa  radiation) 
with  high-temperature  attachment  gave  the  following 
values  of  the  unit-cell  constants:  Li2FeZr(P04)3, 
orthorhombic  :  a=8.708(3),  b=8.789(3),  c=l  2.230(4)  A  at 
T=25  °C;  Li2FeTi(P04)3,  orthorhombic:  a=8. 556(4), 
b=8.628(4),  c=23. 920(7)  A  at  T=25  °C.  For  the  a’ 
(triclinic,  T=25  °C),  a  (rhombohedral,  T=110  °C),  j3’ 
(monoclinic,  T-25  °C)  and  P  (orthorhombic,  T=300  °C) 
phases  of  LiZr2(P04)3;  the  values  obtained  confirmed 
previous  results  already  published2. 

To  obtain  the  specimens  for  electrical 
measurements,  the  powder  of  the  phosphates  were  pressed 
and  sintered  at  900  °C  for  8  hours,  in  air.  The  pellets 
(diameter  =  13  mm)  were  then  painted  on  both  sites  with 
platinum  paste  (Engelhard,  Hanovia  6082)  and 
successively  heated  for  2  hours,  at  850  °C. 

The  electrical  measurements  were  performed  by 
complex  impedance  apparatus,  using  frequencies  in  the 
range  l-2.102Hz. 

The  conductance  of  the  specimen  was  carried  out 
in  the  temperature  range  100-900  °C,  in  synthetic  air.  The 
impedance  diagrams  obtained  at  different  temperatures 
show  a  semicircle  terminated  by  a  portion  of  straightline. 
Using  a  best  fitting  program  the  conductivity  of  the 
materials  were  obtained;  the  Arrhenius  plots  are  reported 
in  figures  1,2.  and  3.  The  activation  energies  were 
calculated  to  be  0.48  eV,  0.62  eV  and  0.65  eV  for  the  a- 
LiZr2(P04)3,  LiFeZr(P04)3  and  LiFeTi(P04)3  phases, 
respectively.  The  activation  energy  of  the  a-LiZr2(P04)3  is 
in  good  agreement  with  that  earlier  reported3. 

On  the  base  of  the  activated  energies,  the  two  ion 
containing  compounds  appear  to  be  more  promising 


electrolytes  for  high  temperature  batteries  than 
UZr2(P04)3  phases. 
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Figure  1.  Conductivity  versus  temperature  of  the  a- 
LiZr2(P04)3  phase. 
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Figure  2.  Conductivity  versus  temperature  for  the 
LiFeZr(P04)3  phase. 


Figure  3.  Conductivity  versus  temperature  for  the 
LiFeTi(P04)3  phase. 
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y-Mn02  compounds  (EMD:  Electrolytic  Manganese 
Dioxides,  CMD:  Chemical  Manganese  Dioxides  and  HTMD: 
Heat  Treated  Manganese  Dioxides)  are  positive  electrode 
materials  of  both  rechargeable  alkaline  and  lithium  batteries. 
Their  structure  consists  of  a  random  intergrowth  of  blocks  of 
the  pyrolusite  structure  (De  Wolff  defects  with  a  Pr  rate)  within 
the  ramsdellite  structure,  and  contains  microtwinning  defects 
(with  a  Mt  rate).  Consequently,  their  structural 
characterization  by  diffraction  techniques  is  complex  and 
requires  simulation  of  the  powder  patterns  [1], 

With  the  use  of  unusual  preparation  conditions  [2,3],  a 
large  variety  of  y-Mn02  compounds  was  prepared  to  perform 
the  present  study.  The  compounds  were  characterized  in  terms 
of  physico-chemical  characteristics  (average  oxidation  state  of 
Mn:  AOS(Mn),  and  content  of  crystallization  water:  nc)  and 
structural  parameters  (Pf  and  Mt,  determined  by  using  an 
extension  of  the  Pannetier’s  method  [1]).  Some  of  these 
compounds  have  been  selected  for  a  comparative  study  of  IT 
insertion  in  aqueous  alkaline  medium  and  Li+  insertion  in  a 
non-aqueous  organic  electrolyte,  in  order  to  study  which 
structural  parameter  controls  each  cation  insertion  behavior. 

Composite  electrodes  were  prepared  by  mixing  the  active 
material  (85%  by  mass)  with  carbon  black  (Super  P,  from 
Chemetals)  (10%)  and  an  organic  binder  (PVDF)  (5%).  Such 
electrodes  were  studied  in  two-electrodes  cells,  such  as  Li/  EC 
+  DMC  +  LiPF6  /  electrode,  and  in  three-electrodes  cells,  such 
as  Pt/  H20  4  1M  KOH  (Ref=Hg/HgO)/  electrode.  Both 
potentiostatic  and  galvanostatic  modes  of  a  mac-pile  battery 
tester  were  used. 

The  first  electrochemical  insertion  of  Li  into  y-Mn02 
compounds  induces  an  irreversible  transformation  leading  to 
y-LixMn02  compounds  similar  to  those  prepared  by  solid  state 
reaction  in  the  range  250-400°C,  starting  from  a  Li  salt  and  y- 
Mn02.  This  transformation  corresponds  to  important  structural 
modifications,  especially  when  the  Pr  rate  of  De  Wolff  defects 
is  high.  Correlations  have  been  established  between  the 
material  characteristics  and  the  performances  in  lithium 
batteries  (reversible  capacity  and  cycling  behavior).  The 
reversible  Li  intercalation  capacity  of  y-L^MnOj  compounds  is 
maximum  for  largest  AOS(Mn)  values  (2.0)  and  for  low  Mt 
rates,  with  either  low  Pr  rates  (ramsdellite-like  compounds)  or 
large  Pr  rates  (pyrolusites  with  structural  defects)  of  the 
starting  y-Mn02  compounds  (figure  1). 

Concerning  the  electrochemical  H*  insertion  behavior,  3 
different  types  of  voltamperograms  were  obtained  at  first 
discharge  and  2  different  types  of  behavior  at  first  charge,  as  a 
function  of  the  value  of  the  structural  parameters  Pr  and  Mt. 
These  behaviors  are  discussed  in  comparison  to  the  simplified 
H+  insertion  mechanism  published  in  the  literature.  The 
reversible  insertion  capacity  depends  strongly  on  the  initial 
structure.  Intermediate  values  of  Pr  and  Mt,  in  a  range  close  to 
P=50-80%  and  Mt=  30-70%,  give  the  largest  reversible 
capacities. 

As  a  summary,  to  get  a  maximum  Li  insertion  reversible 
capacity,  the  optimal  structure  needs  to  contain  a  low  amount 
of  disorder.  On  the  contrary,  structures  with  maximum 
disorder  lead  to  the  largest  proton  insertion  reversible 
capacities.  It  could  be  explained  by  the  very  small  size  of  the 
proton  compared  to  Li*  ion,  leading  to  different  diffusion  paths 
for  the  two  cations  in  the  y-Mn02  structure. 
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Figure  1:  Influence  of  the  structural  parameters  Pr  and  Mt  on 
the  maximum  reversible  Li*  insertion  capacity  of  y-LifAn02 
compounds. 
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Figure  2:  Influence  of  the  structural  parameters  Pr  and  Mt  on 
the  maximum  reversible  H*  insertion  capacity  of  HfAnO, 
compounds. 
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UC0O2  is  today  still  the  most  commercially  important 
cathode  material  in  secondary  Li-ion  batteries.  Despite  its 
high  cost,  it  is  attractive  because  of  its  high  capacity  and 
excellent  cyclability.  The  critical  factor  governing 
cyclability  is  structural  stability  during  lithium  insertion  and 
extraction.  The  structure  of  LiCoC>2  can  be  described  using 
a  rhombohedral  unit  cell.  An  increase  in  unit-cell  volume 
during  lithium  extraction  has  been  observed  from  x-ray 
powder  diffraction  data.  A  distortion  of  the  XRD  pattern 
indicating  a  phase  transformation  to  a  monoclinic  system[l] 
has  been  reported  for  the  composition  L10.5C0O2.  This 
transformation  is  probably  caused  by  an  ordering  of  the 
lithium  ions,  creating  a  superstructure  with  composition 
LiCo204.  Single-crystals  have  been  synthesised  in  the  Li- 
Co-0  system  with  monoclinic  symmetry  and  cell 
parameters  corresponding  to  those  obtained  from  powder 
XRD.  A  flux  technique  was  used,  with  a  lithium  chloride 
melt  in  an  aluminium  oxide  crucible.  LiCo02  powder  was 
used  as  starting  material.  Crystals  suitable  for  single-crystal 
XRD  could  be  separated  from  the  flux.  The  structure  and 
composition  of  this  phase  will  be  discussed. 

[1]  T.  Ohzuku  and  A.  Ueda, 

J.  Electrochem.  Soc.  141,  2972  (1994). 
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Several  attempts  have  been  carried  out  in  order  to  prepare 
double  metal  ion  doped  manganese  spinels.  These  samples 
act  as  reversible  cathodes  by  extraction/insertion  of 
lithium.  Materials  centered  on  LiMn204  show  the 
electrochemical  process  at  ca  4.0V,  while  materials 
centered  on  LiCoMn04  reveal  charge-discharge  properties 
at  about  5V. 

The  double  metal  ion  doped  spinels  seem  to  have  a 
synergetic  effect  to  the  improvement  of  the  cycling  life  of 
the  electrodes.  This  effect  may  be  the  key  point  for  the 
production  of  5V  cathode  materials  with  excellent  cycling 
life. 

In  this  work  high  voltage,  double  metal  ion  spinels 
Li2Mi+xMn3  xOg  (M=Co  and/or  Fe)  have  been  prepared  by 
dissolving  in  aqueous  acetic  acid  proper  quantities  of 
lithium  hydroxide,  cobalt  nitrate  and/or  iron  nitrate  and 
Mn(II)acetate.  The  precursors  have  been  annealed  at 
800°C  for  24  hours  under  a  flowing  02  atmosphere.  The 
chemical  and  electrochemical  characterization  has 
demonstrated  that  these  materials  behave  as  efficient,  high 
voltage  cathode  materials. 
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the  LiColyBy02  oxides  has  been  reduced 
due  to  the  sp  metal  substitution,  however, 
a  more  stable  charge-discharge  cycling 
performances  have  been  observed  when 
electrodes  are  charged  up  to  4.4  volts  as 
compared  to  the  performances  of  the 
native  oxides.  Extensive  damage 
including  local  strain  variation,  nano¬ 
domain  formation,  and  change  in  cation 
ordering  has  been  observed  by  local 
probes  such  as  Raman  scattering  and 
FTIR  spectroscopies,  which  are 
complementary  tools  for  x-ray  diffraction. 
Also,  it  is  convenient  to  analyze  these 
vibrational  spectra  in  terms  of  localized 
vibrations,  considering  the  layered 
structures  built  of  Co06  and  Li06 
octahedra. 


Lithium  transition-metal  oxides  are 
functional  intercalation  compounds  for 
their  applications  in  rechargeable  lithium- 
ion  batteries.  They  are  widely  studied  in 
search  of  structural  stability  and  improved 
electrochemical  performance. 

Compounds  of  0t-NaFeO2-type  structure 
are  layered  frameworks,  which  belong  to 
the  4-volt  class  cathodes.  LiCo02  with  a 
theoretical  gravimetric  capacity  of  273 
mAh/g  can  deliver  high  electric  energy 
and  has  adequately  high  reversibility  in 
the  range  3. 5-4.5  volts.  In  this  work,  we 
wish  to  show  the  relationship  between 
local  cationic  environment  and 
electrochemical  characteristics  of  4-volt 
cathodes.  We  present  the  structural  and 
electrochemical  properties  of  various 
oxides  of  the  cobaltate  family  grown  by 
solid-state  reaction,  wet  chemistry  and 
film  deposition  techniques.  It  is  shown 
that  synthesis  greatly  affects  the 
electrochemistry'  and  cycle  life 
characteristics  of  these  layer  structured 
cathode  materials. 

LiColyMy02  materials  doped  with 
various  M3+  cations,  i.e.,  nickel,  aluminum 
or  boron,  are  also  investigated.  LiCo,. 
yNiy02  oxides  display  a  solid  solution  in 
the  whole  range  0*y*l,  while  the 
solubility  limit  of  LiCol  yAly02  and  LiCo,_ 
yBy02  is  about  y=0.35.  Electrochemical 
features  of  LiCo,.yNiy02  cathode  materials 
show  remarkable  stability  in  their  charge- 
discharge  profiles.  The  overall  capacity  of 
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Considering  previous  studies  lead  on  the 
LixCo02  system,  it  appears  that  7Li  NMR  and 
galvanostatic  results  are  strongly  dependent  on  the 
synthesis  conditions  and  particularly  on  the  nominal 
Li/Co  ratio  (1,  2).  However,  the  interpretation  of  the 
experiments  remains  rather  confusing.  In  order  to  further 
investigate  the  question  of  non-stoichiometry  in  LiCo02, 
we  synthesized  LiX()Co02  materials  with  various  nominal 
x0  values  and  characterized  them  by  X-ray  and  neutron 
diffraction,  galvanostatic  intercalation/deintercalation 
measurements  and  7Li  MAS  NMR  spectroscopy.  In  a 
second  step,  with  reference  to  our  previous  work  (3),  we 
studied  electrochemically  deintercalated 

LixCo02  (x0  =  1.10)  materials  by  X-ray  diffraction, 
electrical  measurements  and  7Li  MAS  NMR 

spectroscopy. 

Starting  LiX()Co02  materials  were  synthesized  via 
direct  reaction  between  Co304  and  Li2C03  at  900°  C,  with 
nominal  Li/Co  ratios  x0  =  0.90,  1.0,  1.05  and  1.10.  While 
the  galvanostatic  charge  curve  of  the  stoichiometric 
material  shows  a  voltage  plateau  at  ca.  3.93V  for 
0.75  <  x  <  0.94  due  to  a  semi-conductor  to  metal 
transition  (3)  and  a  particular  feature  for 

Li0,5CoO2  (x0  =  1.0)  due  to  a  monoclinic  distortion  (4),  the 
charge  curves  of  materials  with  x0=  1.05  and  1.10  do  not 
present  the  voltage  plateau  nor  the  monoclinic 
distortion  (Fig,  1).  XRD  studies  show  the  occurrence  of  a 
solid  solution  in  the  0.60  <x<  1.10  domain.  7Li  MAS 
NMR  spectra  of  LiX()Co02  materials  with  x0  >  1  exhibit 
three  new  signals  at  190,  -18  and  -40  ppm  in  addition  to 
the  signal  at  0  ppm  resulting  from  the  presence  of 
diamagnetic  Com  (Fig.  2). 

On  the  basis  of  our  general  knowledge  of  Li 
NMR  in  comparable  materials  with  electron  spins  (3, 5), 
we  suggest  the  presence  of  paramagnetic  low  spin  Co11 
and  of  a  simultaneous  cobalt  and  oxygen  deficiency  in 
samples  with  Xo  higher  than  1.0.  Furthermore,  7Li  MAS 
NMR  characterization  of  the  materials  obtained  by 
electrochemical  deintercalation  and  reintercalation  of 
lithium  from  Lij  ioCo02  suggests  that  these  defects 
prevent  the  long-range  electronic  delocalisation  which  is 
responsible  for  the  two  phase  domain  observed  for 
stoichiometric  LixCo02  (0.75  <  x  <  0.94)  (3). 


Fig.  1  :  First  galvanostatic  charge  of  Li//LixCo02 
(xo=1.0,  1.05  and  1.10)  electrochemical  cells.  Xo  are 
nominal  values  and  do  not  reflect  exactly  the  actual 
composition. 


6  (ppm) 


Fig.  2 :  7Li  MAS  NMR  spectra  for  the  various 
LiXQCo02  phases  (xo=  1.0,  1.05  and  1.10), 

(*  =  spinning  sidebands). 
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Manganese  oxides  are  amongst  the  best  positive 
electrode  materials  for  lithium  batteries  due  to  their  high 
insertion  voltage,  large  specific  capacity  and  good 
cycleability.  Recent  studies  have  shown  that  it  is  possible 
to  prepare  new  compounds  having  interesting  lithium 
insertion  properties  by  the  chemical  reduction  of 
permanganate  solutions  [1,2,3].  The  Li-form  of  layered 
manganese  oxides  having  the  Rancieite-type  structure 
were  prepared  previously  by  our  group  [4]  by  a  3-step 
procedure  that  consisted  of  an  acid  catalyzed  reduction  of 
an  aqueous  solution  of  KMn04,  followed  by  full  proton 
exchange  for  the  K,  and  finally  Li  was  exchanged  for  the 
protons. 

The  aim  of  this  project  was  to  electrochemically 
reduce  aqueous  Mn  (VII)  solutions  with  the  intent  to  form 
Li-manganese  oxides  directly.  The  procedure  used  here  to 
make  the  pure  Li  form  is  of  special  interest  since  the 
electrochemical  reduction  is  carried  out  only  in  the 
presence  of  Li  rather  than  other  cations  such  as  K  or 
protons.  It  was  also  of  interest  to  study  layered 
manganese  oxide  bulk  deposits  with  varying  ratios  of 
interlayer  cations,  which  in  this  project  were  K  and  Li. 

The  electrochemical  reaction  was  carried  out  by  using 
a  3  electrode  system  which  consisted  of  an  80  cm2 
platinum  working  electrode  mounted  between  2  Pt  counter 
electrodes,  and  a  Ag/AgCl  reference  electrode.  The 
method  used  to  reduce  the  permanganate  was 
chronopotentiometry  set  at  0.1  mA/cm2  for  500  ml  of  a 
0.075M  permanganate  solution  that  was  also  mixed  with 

O. 1 5M  A2S04  salt.  The  K-permanganate  solutions  were 
made  directly  with  KMn04  and  the  LiMn04  solutions 
were  made  by  ion  exchanging  Li  for  the  K  using  ion 
exchange  resin.  Figure  1  is  a  cyclic  voltametry  curve  that 
shows  the  reduction  peak  for  the  permanganate  at  -0.17V. 
The  electrodeposition  reaction  when  run  at  0.1  mA/cm2 
occurs  at  the  reducing  voltage  of  approximately  -0.19V  at 
room  temperature.  It  is  noted  here  that  the  reactants  are 
used  in  excess  to  maintain  a  relatively  constant 
concentration  throughout  the  reaction. 

The  results  of  x-ray  diffraction  show  that  the 
materials  prepared  by  the  electrochemical  method  are  of 
the  layered  Rancieite-type  structure;  this  can  be  seen  in 
figure  2.  Thermal  analyses  show  that  these  materials  can 
be  dehydrated  at  130°C.  Elemental  analyses  via  ICP-AAS 
are  currently  being  carried  out. 

Composite  electrodes  were  prepared  by  mixing  the 
active  material  (85%  by  mass)  with  carbon  black  (Super 

P.  from  Chemetals)  (10%)  and  an  organic  binder  (PVDF) 
(5%).  The  Li  insertion  behavior  was  studied  in  two- 
electrode  cells  using  EC/DMC/LiPF6  as  an  electrolyte.  A 
Mac-Pile  galvanostat/potentiostat  was  used  for  all  of  the 
electrochemical  experiments.  Prior  to  passing  the 
cathodes  into  the  argon  filled  dry-box,  the  samples  were 
dried  at  130°C  under  vacuum. 

Preliminary  studies  of  Li-insertion  show  capacities  in 
the  range  of  100  mAh/g  obtained  at  an  average  voltage  of 


3  V  in  the  4  -2  V  range  for  some  of  the  dehydrated 
samples.  On-going  studies  are  intended  to  understand  the 
role  of  interlayer  H20  and  the  Li/K  ratio  on  the  Li- 
insertion  behavior  of  the  title  compounds.  Cycling  of  the 
cells  are  being  analyzed  to  determine  if  there  is  a  trend 
within  the  concentrations  of  K  and  Li  that  may  permit  the 
optimization  of  their  Li-insertion  performance  within  a 
window  of  relative  amounts. 
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Voltage  (volts  vs.  Ag/AgCl) 

Figure  1.  Cyclic  voltametry  of  0.1 5M  Li2S04  and 
0.075M  KMn04  run  at  50  mV/s  at  a  Pt  electrode  at  room 
temperature. 
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Figure  2.  Powder  x-ray  diffraction  pattern  of  one 
electrochemically  synthesized  LixKyMnOz»  nH20 
compound  with  the  peaks  labeled  for  rancieite. 
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As  part  of  a  search  for  new  materials  that  could  be 
used  as  electrode  materials  for  lithium  batteries,  we  have 
investigated  (he  systems  Li2O-M0-B2O,  (M=  Mn,  Fe, 
Co).  Such  investigations  were  suggested  by  the  growing 
interest  of  framework  structures  containing  both  first  row 
transition  metal  cations,  and  polyanions.  As  a  matter  of 
fact,  it  has  been  shown  that  polyanions  enable  to  reach 
low  transition  metal  redox  energies  through  the  inductive 
effect,  thereby  allowing  some  sort  of  tuning  of  such 
energies  [1-8).  However,  polyanions  also  bring  some 
inactive  mass  into  the  oxides  that  impedes  both  the 
specific  capacity  and  the  specific  energy,  and  there  is  a 
need  to  minimize  this  drawback.  Considering  that  up  to 
now,  most  of  the  studies  on  the  effect  of  the  nature  of  the 
poly  an  ion  utilize  tetrahedral  groups  (X04)2  or  (X04)5 
with  X  =  Mo,  W,  S,  P  or  V,  this  presentation  intends  to 
give  a  preliminary  evaluation  of  the  inductive  effect  of  the 
much  lighter  BO}  group  through  the  study  of  the  lithium 
deinsertion/insertion  properties  of  three  new  compounds: 
h-LiMnBO,,  LiFeB03  and  LiCoBOj.  It  is  also  devoted  to 
the  synthesis  and  crystal  structure  characterization  of 
these  phases. 

The  LiMBOj  (M=  Mn,  Fe,  Co)  compounds  were 
synthesized  by  solid  state  reaction,  and  their  crystal 
structures  were  determined  from  single  crystal  data. 
LiFeB03  and  LiCoB03  [9]  exhibit  the  same  structure 
which  is  isotypic  with  that  of  other  LiMB03  compounds 
(M=  Mg[10],  Mn[l  1],  Zn[l I]).  The  structure  of  h- 
LiMnB03  is  isotypic  with  the  hexagonal  form  of 
LiCdB03  [12,13]. 

The  electrochemical  behavior  towards  lithium 
deinsertion/insertion  was  investigated  for  the  three 
compounds.  The  figure  shows  the  voltage  versus  capacity 
curve  obtained  with  LiFeB03.  The  capacities  associated 
to  the  phenomena  are  small.  However,  it  appears  that  the 
reduction  of  Fe3+  in  Li!+xFeB03  (discharge  curve)  is 
associated  to  a  plateau  at  -2.5V,  whereas  a  similar 
reduction  occurs  at  ~1.5V/Li  in  LixFe203  [14].  Previous 
work  has  already  shown  that  the  Fe37Fe2+  redox  couple 
lies  between  2.5  V  and  3.7  V  in  iron  phosphates, 
reflecting  the  influence  of  P  on  the  Fe-0  bonding  via  the 
inductive  effect  The  relatively  high  voltage  observed  for 
the  Fe3+  reduction  in  LiI+xFeB03  is  therefore  a  clear 
indication  of  a  strong  polarization  of  02‘  toward  the  B3+ 
cation.  Similarly,  for  Li]+xMnB03  and  LiUxCoB03,  the 
M3+/M2+  redox  couple  is  unusually  high,  thus  confirming 
an  inductive  effect  of  the  (B03)3'  group. 


Figure:  First  charge-discharge  cycle  obtained  for 
LiFeB03  in  galvanostatic  mode  at  C/10. 
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The  last  decade  is  marked  with 
the  spectacular  development  of  the 
lithium-ion  batteries  with  LiMn204, 
LiCo02  and  LiNi02  cathode 
materials.  Of  these  only  the  cobalt 
compound  has  found  wide 
commercial  production  by  several 
Japanese  companies.  Both  the  Mn 
and  Ni  compounds  have  only  a 
limited  application  mainly  for  the 
difficulties  in  their  synthesis  as  well 
as  for  their  irreversible  capacity  loss 
after  long  storage.  The  theoretical 
capacity  of  the  cobaltate  is  rather 
high,  274  mAh/g,  but  practically  it 
cannot  yield  more  than  50-60%  of 
this  value.  This  is  due  to  the  fact  that 
when  charged  to  voltages  above 
4.25V  the  crystal  structure  of 
LiCo02  undergoes  irreversible 
changes,  leading  to  deterioration  in 
its  electrochemical  characteristics:  a 
steep  reduction  of  the  initial 
discharge  capacity  during  cycling. 
Therefore  the  admissible  voltage 
range  during  cycling  of  the  LiCo02 


cathode  is  limited  between  3  and 
4.25V. 

The  aim  of  this  paper  is  to 
improve  the  specific  capacity  and 
cycling  stability  by  using  alternative 
precursors  and  doping  transition 
metals,  as  well  as  by  exchange  of 
some  of  the  lithium  amount  by 
potassium. 

The  LiCoC>2  cathode 
materialand  changing  was 

synthesized  by  the  nitrate  precursors. 
The  use  of  nitrate  precursors  leads  to 
a  considerable  reduction  in  the 
synthesis  temperature  and  improving 
of  the  electrochemical 

characteristics.  The  electrochemical 
behaveoure  of  lithium  cobaltate 
doped  with  potassium  was 
investigated. 
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Abstract 

Layered  compounds  like  LiNi02  and  LiCo02  have  been 
extensively  studied  as  active  cathodic  materials  in  lithium 
or  lithium-ion  batteries. 

A  good  compromise  between  the  limited  cyclability  of 
LiNi02  and  the  high  cost  of  LiCo02  is  represented  by  the 
mixed  Ni-Co-Li  oxides  having  the  general  formula 
LiNiyCo!.y02  [1-4].  These  compounds  maintain  the  same 
structure  of  LiNi02  and  LiCo02  (space  group  R3m )  and, 
especially  when  y  is  close  to  0.8,  they  show  an 
electrochemical  behavior  comparable  to  LiCo02,  but  with 
substantial  advantages  in  terms  of  cost. 

In  this  work  we  report  the  electrochemical  and  structural 
properties  of  LiNi0.gCo0  202. 

The  electrochemical  characterization  was  based  on 
galvanostatic  cycling,  performed  at  different  C  rates,  and 
on  cyclic  voltammetry. 

The  structural  changes  during  the  intercalation  process 
were  investigated  by  means  of  the  Energy  Dispersive  X- 
ray  Diffraction  (ADXD)  technique  [5].  The  results  give 
clear  information  on  the  evolution  of  the  crystal  structure 
and  of  the  lattice  parameters  of  LiNi0.gCo0.2O2  as  the 
lithium  content  varies  with  the  intercalation  level. 

In  addition,  electronic  and  ionic  transport  properties,  as  a 
function  of  the  intercalation  degree,  were  evaluated  by 
using  Electrochemical  Impedance  Spectroscopy  (EIS)  [6], 
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The  phase  transition  observed  for  stoichiometric  LiMn204 
around  room  temperature,  from  cubic  to  orthorhombic 
symmetry12,  might  be  partly  responsible  for  its  poor 
cyclability  in  Li  rechargeable  battery  systems.  This 
transition  induces  a  large  modification  of  the  conduction 
properties  of  the  spinel  :  the  conductivity  decreases  by 
one  order  of  magnitude  when  the  temperature  is  decreased 
below  290  K.  It  is  also  associated  with  a  change  in 
enthalpy  and  in  entropy,  as  revealed  by  the  great  changes 
in  the  specific  heat  around  room  temperature. 

Neutron  diffraction  allowed  us  to  solve  the  crystal 
structure  at  230  K  (space  group  Fddd,  a  =  24.743(1),  b  = 
24.840(1),  c  =  8.199(1)  A).  It  corresponds  to  an 
orthorhombic  -  3a  x  3a  x  a  superstructure  of  the  cubic 
spinel,  induced  by  a  charge  ordering  on  the  manganese 
sites2'3.  At  T<300K,  the  electrons  become  localized  on 
three  of  the  five  manganese  sites  present  in  the  structure. 
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achieve  this  process  before  cycling  experiments  and  to  get 
stable  performances  from  the  beginning  on. 

From  these  results,  it  appears  that  the  different 
forms  of  V0P04  are  interesting  as  intercalation 
compounds.  Further  improvements  are  expected, 
concerning  both  the  cyclability  and  the  specific  capacity, 
in  order  to  lead  to  applications. 


Owing  to  the  low  density  and  the  high  reductive 
properties  of  lithium,  a  great  amount  of  attention  has  been 
focused  on  the  developement  of  lithium  batteries  as  power 
sources  for  use  in  portable  devices  or  electric  vehicles.  So 
far,  investigations  have  been  mainly  devoted  to  oxides  as 
electrode  intercalation  compounds. 

VOXO4  compounds  (X  =  S,  P,  As)  present  as  well 
open  2D  or  3D  frameworks  which  facilitate  lithium 
intercalation  process.  In  addition,  these  compounds  present 
good  theoretical  specific  capacity  (from  135  to  166  mA.h/g 
depending  on  the  nature  of  the  X  element). 

The  present  study  deals  with  electrochemical 
performances  and  lithium  intercalation  mechanisms 
involving  different  lamellar  phases  of  V0P04.  The 
structural  skeletons  are  built  up  from  vertices-sharing 
distorted  V06  octahedra  to  form  chains  connected  by  P04 
tetrahedra.  From  one  compound  to  the  other  one,  the 
vanadyl  bond  V=0  shows  various  orientations. 

The  different  forms  of  V0P04  were  prepared  by 
simple  and  cheap  methods  [1];  we  also  obtained  a|rV0P04 
(labelled  p)  from  a  new  route  involving  a  precursor.  The  X- 
ray  diffraction  patterns  match  those  published  by  Bordes 

[2]  and  Calvo  [3].  Chemical  lithiations  have  been 
performed  at  room  temperature  using  lithium  iodide. 

Electrochemical  measurements  were  performed  both 
in  galvanostatic  and  potentiodynamic  modes  using 
Swagelock™  type  cells  [4]  with  Li  metal  as  negative  and 
reference  electrode. 

For  all  of  these  phases,  the  reduction-oxidation 
process  occurs  close  to  3.7  V  (Fig.  1),  along  with  a 
structural  transformation  associated  with  an  increase  of  the 
interplanar  distance.  This  result  is  supported  by  XRD 
studies,  and  is  attributed  to  the  size  of  inserted  Li+  ions. 
Galvanostatic  tests  were  performed  at  nominal  regimes  of 
C/5,  C/10  and  C/50.  au,  y  and  8-V0P04  show  diverse 
capacities  that  can  also  vary  according  to  the  cycling 
regime  :  respectively  15,  25,  40  mA.h/g  at  C/5  (Fig.  2),  20, 
30,  105  mA.h/g  at  C/10  and  a  lifetime  going  up  to  400 
cycles.  Furthermore,  a^-VOPO^-p  presents  a  specific 
capacity  of  80  mA.h/g  at  C/5  and  115  mA.h/g  at  C/10. 

(Xj  -VOP04  and  y-VOP04  present  a  specific  behavior 
on  first  reduction  which  has  been  attributed  to  a  forming 
process  continuing  upon  cycling.  Then,  chemical  and 
electrochemical  lithiation  have  been  performed  in  order  to 
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Figure  1  :  Cyclic  voltamogram  for  the  two  first  cycles  of 
an-VOP04. 
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Figure  2  :  Capacity  vs  cycle  number  (C/5)  for  :  a,  -VOP04 
(A),  airVOP04-p  (B),  y-VOP04  (C)  and  8-V0P04  (D). 
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Peculiar  electrochemical  behavior  during  the  extraction  of 
lithium  from  LiMn204  was  intensively  investigated  during 
the  past  few  years  [1],  [2].  Electron  diffraction  showed 
recently  that  the  two  additional  3.3V  (on  discharge)  and 
4.5V  plateaus  are  related  to  a  phase  transition  from  a  cubic 
to  a  double  hexagonal  (DH)  phase  [3],  [4],  [5].  X-Ray 
diffraction  on  electrochemically  deintercalated  samples  as 
well  as  on  chemically  delithiated  spinels  show  additional 
peaks  indexed  in  a  unit  cell  similar  to  that  of  LiFeSn04  [6]. 

The  spinel  and  DH  structures  were  first  described  in 
stannofcrrites  systems  in  the  early  80’s  [6],  They  are  both 
based  on  a  compact  closed  packing  of  the  oxygen  atoms. 
Both  structures  consist  of  Kagomy  [Oc3]  and  [Td2Oc] 
layers,  as  indicated  in  figure  1.  The  layers  are  ordered  as 
"ABCABC.."  sequences  in  the  spinel  and  "ABAC.." 
sequences  in  the  double  hexagonal  structure.  In  the  spinel 
form,  a  tetrahedron  is  "blocking"  a  Kagomy  window, 
inducing  a  Jk/t  (Kagomy/tetrahedron)  junction,  whereas  in 
the  DH  structure,  a  junction  Jk/i-  is  alternating  with  a  Jk/o 
(Kagomy/octahedron)  junction  (figure  2  and  3). 

We  focused  on  the  spinel  /  DH  transition.  This  helped  us  to 
predict  whether  or  not  a  spinel  will  undergo  a  transition  to  a 
DH  phase,  that  would  induce  the  3.3V  and  4.5V  plateaus. 
This  prediction  is  of  high  interest,  as  it  has  a  great  influence 
on  the  cyclability  and  on  the  fading  of  the  battery. 

We  studied  stoichiometric  spinels  prepared  from  various  y- 
Mn02  precursors.  The  de  Wolff  defects  and  the 
microtwinning  faults  of  the  manganese  dioxide  are  of 
special  importance  for  the  growth  of  the  spinel-DH 
transition.  A  special  attention  was  paid  on  LiMn204 
prepared  from  pyrolusite  (i-Mn02,  which  up  to  now 
exhibits  the  most  important  capacity  on  these  3.3V  and 
4.5V  extra-plateaus.  We  focused  also  on  the  effect  of 
structural  faults  induced  by  ball  milling  of  the  pyrolusite 
precursor  or  of  the  LiMn204  itself.  It  appears  that  the 
structural  defects  induced  by  the  ball  milling  prevent  the 
transformation  from  spinel  to  DH  phase.  A  lower 
crystalline  coherence  length  in  the  spinel  could  explain  this 
phenomenon. 


Figure  1 :  A  Kagomy  [Oc3]  and  a  [Td2Oc]  layers. 
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Figure  2  :  The  Spinel  structure,  built  on  [Oc3]  and  [Td2Oc] 
layers  with  Jk/t  junctions. 
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Figure  3  :  The  Double  hexagonal  structure,  built  on  [Oc3] 
and  [Td2Oc]  layers  with  Jk/t  and  Jk/o  junctions. 
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looked  at  the  influence  of  defects  introduced  mechanically 
by  ball  milling  of  the  MD  before  the  synthesis  (fig.  2)  or 
on  the  LiMn204. 

We  will  discuss  the  fact  that  the  transformation  can 
proceed  only  with  concomitant  removal  of  half  of  the  Li 
of  the  initial  LiMn204  spinel  structure,  as  deduced  from 
the  fact  that  the  3.3/3.95  V  and  4.5  V  redox  steps  have 
identical  capacities. 
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Some  LiMn204  spinel  phases  are  known  for  long  to 
present  a  peculiar  reversible  redox  step  at  4.5  V  [1]  as  well 
as  a  reduction  step  at  3.3  V  [2],  which  develop  to  the 
expense  of  the  usual  4.0  and  4. 1  levels.  The  origin  of  these 
additional  states  was  very  controversial  at  that  time. 


£ 
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We  have  shown  recently  [3]  that  :  a)  oxidation  of  the 
3.3  V  reduction  step  occurs  at  the  early  stage  of  the 
deintercalation,  namely  before  the  usual  plateau  at  4V,  in 
a  specific  oxidation  occurring  close  to  3.95  V  (Fig  1) ;  b) 
it  was  two-phase  behavior  with  appearance  of  a  new  set  of 
diffraction  lines,  as  shown  from  in  situ  X-rays  diffraction 
experiments;  and  c)  it  is  completely  reversible  upon 
further  reduction.  Moreover  it  was  shown  that  these  two 
additional  redox  3.3/3.95  and  4.5  V  levels  are  completely 
associated  in  the  way  that,  if  observed,  they  are  both 
present,  and  they  have  the  same  charge  capacity. 

The  additional  lines  observed  upon  oxidation  at  3.95  V 
in  the  in  situ  XRD,  were  not  numerous  and  well  defined 
enough  to  be  able  to  determine  the  new  structure  that 
appears  at  that  time.  By  performing  electron  diffraction 
and  High  Resolution  Electron  Microscopy  (HREM) 
studies  on  partially  delithiated  samples  we  observed  that  it 
corresponds  to  the  formation  of  double  hexagonal  layers, 
consistent  with  the  additional  peaks  observed  in  the 
" in-si tu"  experiments  [4,5], 

In  previous  studies  undertaken  for  understanding  the 
origin  of  the  3.3/3.95  and  4.5  V  states,  we  looked  at  the 
influence  of  several  parameters,  mainly  the  stoichiometry 
of  the  compound  that  was  varied  by  different  synthesis 
conditions  and  further  heat  treatments.  We  were  able  to 
obtain  samples  in  which  each  one  of  the  two  additional 
redox  states  contained  up  to  15%  of  the  total  available 
capacity  [3,4],  And  thus  the  spinel  to  double  hexagonal 
transformation  appeared  limited  to  30%  of  the  material. 
This  is  attributed  to  the  presence  of  structural  defects  that 
block  the  transformation. 

Finding  the  conditions  that  would  favor  or  block  this 
spinel  to  double  hexagonal  transformation  appears  very 
interesting.  We  focused  on  the  influence  of  the  nature  and 
amounts  of  structural  defects  initially  present  in  the 
manganese  dioxides  used  in  the  high  temperature 
synthesis.  Experiments  were  performed  with  pure 
pyrolusite  and  with  several  y-Mn02  with  known  amounts 
of  de  Wolff  defects  and  microtwinning  [6].  We  also 


Figure  1:  Incremental  capacity  voltammogram  of  a 
LiM^CU  spinel,  from  very  slow  step  potential 
electrochemical  spectroscopy.  Limited  potential  oxidation 
show  that  the  peak  at  3.95  V  contains  the  reversible 
oxidation  of  the  3.3V  reduction  step  [3]. 


Figure  2:  V(x)  curves  for  LiMn204  prepared  from  non¬ 
ground  pyrolusite  (plain  curve)  or  from  pyrolusite  ground 
for  12h  (dashed  curve). 


[1]  J.M.  Tarascon  et  al.,  J.  Electrochem.  Soc.,  141,  1421 
(1994) 

[2]  Y.  Gao  and  J.R.  Dahn,  J.  Electrochem.  Soc.,  143.  100 
(1996) 

[3]  M.R.  Palacin  et  al,  IMLB-9,  Edinburgh,  Scotland,  1998 
J.  Power  Sources,  81-82,  627  (1999) 

[4]  M.R.  Palacin  et  al,  ECS  Fall  Meeting,  Boston 
Nov.1998,  vol.98-2  Ext.  Abstr.  128 

and  J.  Electrochem.  Soc.,  in  press 

[5]  L.  Dupont  et  al.,  submitted  to  J.  Solid  State  Chem. 

[6]  Y.  Chabre  and  J.  Pannetier,  Prog.  Solid  St.  Chem.,  23, 
1-130(1995) 


Abstract  No.  209 


Performance  and  Mechanical  Safety  of 
26650-size  Mn-spinel  Li-ion  Cells  for 
High  Power  Applications 

A.M.  Wilson,  Wendy  Chow,  and  Ulrich  von  Sacken 

E-One  Moli  Energy  (Canada)  Ltd. 

20,000  Stewart  Crescent,  Maple  Ridge,  BC,  V2X  9E7 

For  medium  to  high  power  applications,  such  as  electric 
assist  bicycles  (EAB),  electric  vehicles  and  hybrid-electric 
vehicles,  batteries  must  have  excellent  rate  capability,  high 
energy  density  and  good  mechanical  safety.  Mn-spinel 
shows  good  rate  capability,  excellent  fundamental  safety, 
and  low  cost.  These  factors  make  it  an  attractive  candidate 
for  large-size,  high  power  Li-ion  cell  cathode  material. 

We  are  developing  a  Li-ion  cell  for  medium  to  high 
power  applications,  such  as  EAB  and  power  tools.  Here  we 
investigate  the  relationship  between  high  specific  power 
capability  and  mechanical  safety  (specifically  nail 
penetration)  as  it  is  affected  by  electrolyte  composition. 

The  rate  capability  of  a  cell  is  strongly  influenced  by 
the  choice  of  electrolyte.  Here  we  show  how  the  rate 
capability  of  the  cell  improves  by  changing  the  principal 
electrolyte  solvent  from  DEC  to  EMC  to  DMC. 

Figure  1  shows  a  5A  discharge  for  Mn-spinel  cathode 
26650-size  cells  which  contain  DEC  and  DMC  as  principal 
electrolyte  solvents.  The  effective  impedance  decreases 
significantly  when  DMC  is  substituted  for  DEC. 

Figure  2  compares  the  specific  power  profiles  (SPPs), 
using  2.5V  as  a  lower  voltage  limit,  for  26650  cells  with 
either  DEC  or  DMC  as  the  principal  electrolyte  solvent.  An 
SPP  is  acquired  by  performing  various  constant  current 
discharges,  and  then  plotting  the  data  as  specific  power 
density  versus  time.  The  SPP  is  the  highest  power  for  a 
given  time  for  constant  current  discharges.  The  details  of 
this  method  have  been  published  elsewhere.1  Although  the 
DMC  cell  performs  better,  even  the  DEC  cell  exceeds  the 
long  term  criteria  proposed  by  the  USABC.2 

Energy  retention  over  multiple  cycles  is  another 
important  criteria  for  most  applications.  Figure  3  shows  the 
discharge  energy  over  multiple  cycles  for  a  cell  with  DEC 
as  the  principal  electrolyte  solvent.  The  cell  is  insulated  (to 
simulate  cycling  in  a  pack)  and  discharged  at  5A,  constant 
current  (it  is  recharged  at  1 .5A). 

However,  as  the  rate  capability  of  the  cell  improves,  the 
mechanical  safety  of  the  cell  begins  to  deteriorate.  This  is 
especially  important  for  larger  cell  sizes,  as  we  will 
illustrate  by  comparing  26650-  and  18650-size  cells  with 
similar  electrolyte  formulations. 


References: 

1.  A.M.  Wilson,  J.N.  Reimers,  Journal  of  Power  Sources 
81-82(1999)642-646. 

2.  United  States  Advanced  Battery  Consortium  (USABC) 
Electric  Vehicle  Battery  Test  Procedures  Manual,  Revision 
2,  DOE/ID- 10479,  Rev.  2,  January  1996. 


Figure  1.  5A  constant  current  discharges  (2  PC  ambient 
temperature)  of  26650  cells  with  DEC  and  DMC  as  the 
principal  electrolyte  solvent. 


Figure  2.  Specific  power  profiles  (SPPs)  for  26650  cells 
with  DEC  or  DMC  as  the  principal  electrolyte  solvent. 


CYCLE  NUMBER 

Figure  3.  Energy  fade  plot  for  cells  with  DEC  or  DMC  as 
the  principal  electrolyte  solvent  (cycled  insulated  at  2  PC 
ambient,  5A  discharge,  1 .5A  charge;  first  3  discharges  were 
done  at  lower  currents). 
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Introduction 

The  metal  vanadates,  Mex(V03)2,  reversibly 
intercalate  lithium  ions  making  them  candidates 
for  rechargeable  lithium  battery  cathodes. 

Recent  work  on  these  vanadates  has  shown 
favourable  specific  capacities  for  use  in  lithium 
batteries  (1-2).  The  potential  use  of  non¬ 
transition  metal  vanadates,  such  as  Al,  was 
examined  in  this  paper. 

Experimental 

The  preparation  for  aluminum  vanadates  was 
similar  to  the  preparation  of  transition  metal 
vanadates  described  elsewhere  (3).  In  this  case, 
the  aluminum  salt  replaces  the  transition  metal 
salt  used  in  the  preparation.  The  vanadates  can 
be  prepared  by  two  methods,  a  precipitation 
method  or  an  electrodeposition  method. 

Because  the  yields  produced  by  the 
electrodeposition  method  were  insufficient  to 
make  a  complete  range  of  aluminum  vanadates, 
with  different  aluminum  to  vanadium  ratios,  for 
all  the  analysis  required,  the  precipitation  method 
was  primarily  used  in  this  study.  Coin  cells  were 
prepared  by  casting  the  vanadates  on  aluminum 
or  copper  foil  (C  10  wt%,  PVDF  5  wt%)  with 
IM  LiPF6  in  1 : 1  EC:DMC  electrolyte  and  a 
counter  electrode  of  lithium  metal.  The  cells 
were  then  cycled  continuously  at  a  rate  of  about 
20  mA/g  discharge  and  10m A/g  charge. 

Results  and  Conclusions 

The  aluminum  vanadates  with  the  general 
stoichiometry,  A1X(V03)2,  were  made  with 
different  degrees  of  crystallinity  and  aluminum 
content.  On  average,  specific  capacities  in  the 
range  of  300  to  350  Ah/Kg  were  obtained  for 
the  first  discharge  (see  figure).  By  cycling,  these 
aluminum  vanadates  were  found  to  operate  in  a 
voltage  range  of  3.5  to  1.5  V.  Structural 
changes  occur  on  the  second  and  subsequent 
cycles  so  that  the  discharge  curve  becomes 
smooth  and  free  of  phase  changes  with  an 
average  voltage  of  about  2.4V.  Although 
specific  capacities  were  not  initially  as  high  as 
that  of  some  transition  metal  vanadates  studied 
earlier  (3),  the  aluminum  vanadates  did  have 
superior  cycling  performance  compared  to  these 
other  vanadates.  The  specific  capacity  recovers 
to  almost  the  full  amount  of  the  first  discharge  of 
the  vanadate  after  about  the  3rd  cycle.  This 
behaviour  was  unlike  previous  transition  metal 
vanadates  examined,  where  up  to  one  half  of  the 
capacity  could  be  lost  after  the  first  cycle.  In  this 
case  the  aluminum  vanadate  cathode  capacity 
rebounds  to  almost  10%  of  the  initial  specific 
capacity  and  remained  stable  at  that  level  for 
many  cycles.  This  was  believed  to  be  due  in 
large  part  to  phase  changes  that  occurs  in  the 
vanadate  structure  and  also  in  part  to  the  fact  that 
the  aluminum  contained  in  the  cathode  material 
does  not  appear  to  actively  participate  in  the 
lithium  insertion  process.  This,  perhaps,  offers  a 
more  stable  structure  that  was  less  likely  to 
dissolve  the  cathode  into  the  electrolyte,  which  is 


a  common  problem  for  many  vanadate  species. 
Further  study  into  use  of  non-transition  metal 
vanadates  for  other  suitable  cathode  candidates 
needs  to  be  examined  as  well. 
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Lithiated  nickel  dioxide  is  well  known 
to  have  high  initial  capacity  in  lithium  ion  cells, 
but  has  shown  many  problems  with  cycle  life 
and  with  preparation  conditions.  Several  workers 
have  pursued  improvements  in  these  properties 
through  addition  of  other  transition  and  main 
group  elements  to  try  to  stabilize  the  layered 
structure  material.  The  goal  is  to  take  advantage 
of  the  relatively  low  cost  of  nickel  compounds 
and  the  high  capacity  compared  to  cobalt  oxide 
based  compounds.  Lithiated  cobalt  dioxide  has 
been  shown  to  be  a  reliable,  cathode  material  in 
lithium  ion  cells  and  many  million  cells  have 
been  manufactured  with  this  material.  In 
addition  to  the  cost  factor,  the  material  has  a 
problem  with  stability  to  high  voltage  charging 
and  thermal  excursions.  These  have  been  solved 
through  the  use  of  expensive  control  circuitry  for 
each  cell  and  expensive  positive  temperature 
coefficient  materials  placed  in  the  cell. 

The  author  has  reviewed  the  use  of 
aluminum  and  boron  in  the  literature  (1)  and 
reported  on  experiments  with  aluminum 
additives  as  tested  in  lithium  ion  coin  cells  (2). 
This  work  presents  results  in  demountable  cells 
and  coin  cells  for  boron  additives  in  LiCo02  and 
LiNilxCo*02. 

Two  electrolytes  were  employed  in  the 
experiments,  1M  LiPF6in  1:1  EC:DEC  and  in 
2:1  EC:DMC.  Also,  three  doping  levels  of  boron 
were  employed  (3,  5  and  10%  of  total  transition 
metal  cations).  Cathode  mixes  (slurries)  were 
coated  on  aluminum  foil  to  mimic  production 
positive  electrodes  as  nearly  as  possible.  All 
samples  except  LiCo02  were  made  by  a  spray 
decomposition  method  where  solutions  of 
precursor  starting  materials  in  the  desired  ratio  of 
finished  compounds  were  sprayed  into  a  hot 
zone  of  air.  Subsequent  heat  treatment  of  750  to 
800  °C  for  2  hours  in  air  was  applied. 

Table  1  gives  the  results  in  demountable 
cells  for  boron  in  LiCo02.  The  capacity  of  the 
control  electrode  (LiCo02)  was  slightly  higher 
than  that  of  the  boron  doped  because  boron  does 
not  participate  in  the  electrochemical  reaction. 
The  fading  characteristic  at  the  high  charging 
voltage  (4.4V)  was  much  better  for  the  boron 
containing  material,  particularly  for  the 
EC:DMC  electrolyte. 

Table  2  gives  coin  cell  results  for  the 
boron  in  LiNi].xCox02.  In  this  case,  the 
EC:DMC  electrolyte  cells  were  charged  to  4.4V, 
while  the  EC:DEC  electrolyte  cells  were  charged 
to  4.25V  because,  in  view  of  the  demountable 
cell  results  shown  in  Table  1,  it  was  thought  that 
the  electrolyte  would  not  perform  well  at  the 
higher  voltage.  In  this  case,  however,  the  results 
were  very  poor  for  EC:DMC,  particularly  in  fade 
with  cycle  life.  It  is  believed  that  the  coin  cell 


hardware  could  not  stand  up  to  the  high  voltage, 
even  though  precautions  had  been  taken  by 
coating  the  can  with  a  carbon  conductive  coating 
which  we  knew  could  stand  up  to  at  least  the 
4.25V  condition.  In  the  case  of  EC:DEC 
solutions,  the  boron  containing  samples  showed 
better  fading  characteristics  than  the  samples 
without  boron,  although  the  capacity  at  20  cycles 
was  not  as  good  (as  expected).  The  results  for 
EC:DMC  were  mixed  due  to  the  high  voltage 
effect,  but  one  sample  (B3)  performed  very  well, 
while  the  control  did  very  badly  under  this 
condition. 

We  concluded  that  boron  substitution 
was  as  effective  as  aluminum  in  terms  of 
cyclability,  voltage  stability  and  capacity. 

Further  experimentation  is  desirable. 
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Table  1 

Specific  capacity  of  LiCo02  samples  with  and 
without  boron  in  EC:DEC  (A)  and  EC:DMC  (B) 
electrolytes  in  demountable  cells  at  different 
currents. 


5%  B 

10%  B 

LiCoO? 

Elec 

C/5 

1C 

C/5 

1C 

C/5 

1C 

A 

167 

150 

163 

134 

172 

140 

B 

169 

155 

164 

149 

164 

117 

Table  2 

Specific  Capacity  at  20  cycles  (Q20  -  mAh/g)  and 
fade  characteristics  (F)  of  LiNiojsCoo  2s02 
samples  with  and  without  boron  in  A  and  B 
electrolytes  in  coin  cells  at  C/5. 


3%  B 

5%  B 

0%  B 

Elec 

Q20 

F 

Q20 

F 

Q20  F 

A 

140 

Flat 

139 

Flat 

156  Fade 

B 

132 

Fade 

145 

Flat 

Fade 
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Spinel  materials  Lil+xMn2.x04  have  been  studied 
intensively  for  the  last  decade.  The  main  motivations 
have  been  the  lower  materials  cost  and  the  inherently 
better  safety  of  spinel,  making  it  an  attractive  alternative 
to  Li(Co,Ni)02  cathode  materials  for  large  scale 
applications  like  EV  batteries.  Their  major  shortcoming 
has  been  relatively  poor  performance  at  elevated 
temperatures  which  is  an  important  requirement  for  large 
scale  applications. 

Consequently  the  high  temperature  performance 
characteristics  of  spinel  has  been  the  subject  of  numerous 
studies.  Our  analysis  of  spinel  Li-ion  cells  shows  that  the 
capacity  loss  at  elevated  temperatures  is  primarily  due  to 
increased  irreversible  loss  of  lithium  at  the  LixC6 
electrode  due  to  interaction  with  the  spinel  cathode.  This 
type  of  capacity  loss  is  completely  masked  in  Li  metal 
anode  test  cells  (1). 

We  have  previously  proposed  (2)  a  mechanism 
involving  the  conversion  of  trace  amounts  of  H20  to 
simple  alcohols  by  reaction  with  the  anode  SEI,  followed 
by  diffusion  of  the  alcohols  to  the  A-Mn02  cathode  where 
they  are  oxidized  to  produce  even  more  H20.  The 
ongoing  generation  of  more  and  more  H20  then  causes 
the  irreversible  loss  of  lithium  at  the  anode.  This 
mechanism  is  supported  by  the  observation  that  unlike 
charged  LiCo02  cathodes,  charged  spinel  cathodes  react 
with  MeOH  to  generate  H20  as  shown  in  Fig  1 . 

New  developments  make  it  possible  to  suppress 
these  reactions.  With  a  suitably  modified  spinel  cathode 
material  the  rate  of  H20  generation  can  be  reduced  to 
levels  comparable  to  those  observed  on  charged  LiCo02 
cathodes.  As  expected,  Li-ion  cells  containing  these 
modified  spinel  cathodes  have  high  temperature  storage 
characteristics  similar  to  those  of  commercially  available 
LiCo02  Li-ion  cells  (see  Table  I). 

The  results  in  Table  I  were  obtained  by  storing 
fully  charged  18650  cells  at  60  °C  for  28  days,  measuring 
their  capacity  at  1C  rate  discharge  to  obtain  the  retained 
capacity,  then  charging  and  discharging  again  to  obtain 
the  recovered  capacity.  These  capacities  are  expressed  as 
percentages  of  the  cell  capacity  immediately  prior  to  the 
storage  period.  All  cells  were  charged  to  4.2  volts  for  2.5 
hr  with  current  limited  to  1C  rate. 

In  addition  to  good  storage  characteristics,  spinel 
typically  exhibits  less  impedance  growth  than  cobalt  after 
storage  or  cycling  at  elevated  temperatures.  As  shown  in 
Figure  2,  long  term  45  °C  cycling  of  our  improved  spinel 
cell  does  not  show  a  downturn  due  to  increasing 
impedance  as  is  typical  of  LiCoOz  Li-ion  cells. 

Conclusion 

In  view  of  their  robust  safety,  lower  materials 
cost  and  improved  storage  characteristics,  spinel  Li-ion 
cells  are  an  attractive  alternative  to  cobalt  Li-ion  cells, 
especially  for  large  scale  demanding  applications. 


Table  I  -  Capacity  of  18650  Li-ion  cells 
after  28  day  60  °C  Storage 


Li-ion  Cell  Type 

Retained 
Capacity  (%) 

Recovered 
Capacity  (%) 

Spinel  18650 

82.0 

90.6 

Cobalt  Competitor  S 

80.4 

90.3 

Cobalt  Competitor  Y 

81.7 

91.9 

Figure  1-  H20  generation  by  charged  (A,-Mn02)  cathode 
immersed  in  MeOH  at  45  °C.  Modified  spinel  suppresses 
this  reaction. 


Cycle  Number 


Figure  2  -  Constant  current  cycling  comparison  of  spinel 
with  commercially  available  cobalt  18650  cells  at  45  °C. 
Discharge  at  1C  to  2.5v,  2.5hr  constant  voltage  charge  at 
4.2v  with  current  limited  to  1C. 
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The  spinel  LiMn204  is  of  great  interest  for  use  in 
rechargeable  lithium  ion  batteries  because  of  its  high 
voltage,  low  cost,  low  stability  and  low  toxicity  [1].  For 
commercial  applications,  it  is  important,  on  one  hand,  to 
reach  low  temperatures  at  which  a  phase  can  be 
synthesized  without  affecting  the  electrochemical 
properties  and,  on  the  other  hand,  to  decrease  the  particle 
size  to  improve  cell  reversibility  and  capacity  [2],  So, 
recently,  mechanochemistry,  a  low  temperature  method, 
which  allows  nanometers  scale  materials,  has  been 
applied  to  electrode  materials  [3-5]. 

The  aim  of  the  present  work  is  to  study 
mechanochcmical  activation  (MA)  and  mechanochemical 
synthesis  of  Li-Mn-0  spinel  and  their  electrochemical 
properties. 

As  a  result  of  mechanochemical  milling,  lithium- 
manganese  oxide  LiyMn204.5  was  successfully 
synthesized,  for  the  first  time,  from  a  mixture  of  Li20  and 
Mn02,  ground  for  at  least  5  hours  in  argon.  The  X-ray 
powder  diffraction  pattern  (Fig.  1),  indexed  assuming  the 
spinel  structure  (space  group  Fm3m),  exhibits  broad 
peaks  in  relation  with  small  crystallites  (80-150  A)  as 
confirmed  by  a  TEM  study.  High  surface  areas  of  16  m1 2 3 4 5/g 
were  measured.  SEM  measurements  showed  the  presence 
of  agglomerates  of  few  micrometers. 

The  electrochemical  tests  were  performed  in 
Swagelock™  cells  Li/EC+DMC+LiPF</Liy.xMn204.5  at 
C/10  rate.  The  voltage/composition  curves  of  cells  using 
LiyMn204.6,  prepared  by  mechanochemical  synthesis 
reveal  typical  plateaus  (3V-4V)  of  Li-Mn-0  spinel  (Fig. 
2). 

In  this  paper,  we  will  emphasize  that  mechanical 
synthesis  can  be  a  powerful  route  of  preparation  for 
electrochemical ly  active  materials  for  lithium  batteries. 
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Soc.,  138,2864  (1991) 
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McKinnon,  and  S.  Colson,  J.  of  Electrochem.  Soc.,  138, 
2859  (1991) 

[3] .  L.  Aymard,  C.  Lenain,  L.  Courvoisier,  F.  Salver- 
Disma,  and  J.M.  Tarascon,  J.  of  Electrochem.  Soc.,  146  6 
(1999) 

[4] .  F.  Salver-Disma,  C.  Lenain,  B.  Beaudoin,  L.  Aymard, 
and  J.M.  Tarascon,  Solid  State  Ionics  98  145,  (1997) 

[5] .  N.V.  Kosova,  I.P.  Asanov,  E.T.  Devyatkina,  E.G. 
Avvakumov,  J.  Solid  State  Chem.,  146,  184,  (1999) 


Fig.  1:  Powder  X-ray  diffraction  patterns  of  (a)  starting 
mixture  Li20+Mn02  and  of  (b)  LiyMn204.6  prepared  by 
ball  milling  of  Li20  +  Mn02  for  5  hours  in  argon.  The 
XRD  pattern  is  indexed  assuming  the  spinel  structure 
(S.G.:  Fm3m) 


by  ball  milling  Li20  +  MnC2  fdh  5iiours  (C/10). 
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The  exponentially  growing  demand  for  portable 
electronics,  such  as  laptop  computers  and  cellular  phones, 
has  rapidly  increased  interest  for  the  development  of  more 
efficient  Li-ion  batteries,  particularly  for  high  rate 
applications.  Presently,  commercially  available  cells  use 
LiCo02  as  cathodic  material,  and  in  an  effort  to  improve 
energy  density,  mixed  LiNiyCoi.y02  layered  compounds 
are  presently  receiving  considerable  attention  (1,2).  An 
alternate  approach  for  increasing  both  rate  and  capacity 
capabilities,  namely  the  use  of  'two-phase'  cathode 
materials,  is  the  subject  of  this  presentation.  By  increasing 
rate  capability  and  at  the  same  time  decreasing 
polarization  at  the  cathode,  increases  in  energy  and 
specific  capacities  are  obtained. 

Intercalation  and  deintercalation  reactions  of  LixCo02  is 
accompanied  by  expansion  (upon  deintercalation)  and 
contraction  (upon  intercalation)  of  the  c  axis  (the  a  axis 
behaves  in  the  opposite  manner  (2))  giving  rise  to 
significant  mechanical  stress  in  the  oxide.  The  stress 
gradients  produced  will  in  turn  result  in  Li-concentrated 
phases  accompanied  by  phase  boundary  shifts  which 
retard  diffusion  of  Li+  across  these  phases  or  grain 
boundaries.  One  solution  to  this  problem  is  the 
introduction  of  inert  oxide  materials  to  create  stable  grain 
boundaries  which  allow  for  greater  stability  upon 
contraction  and  expansion.  In  the  present  work,  we  report 
several  materials  used  to  create  these  stable  grain 
boundaries  which  are  the  inert  oxides  Ti02l  Si02  and 
A1203. 

By  virtue  of  their  Lewis-Base  character,  addition  of  these 
inert  materials  also  facilitate  rapid  Li+  transport,  and 
minimize  the  mechanical  stresses  produced  during  high 
rate  charging  and  discharging.  The  key  to  successful 
syntheses  of  homogeneous  two-phase  oxides  which  can 
form  these  new  grain  boundaries  is  an  even  distribution  of 
ceramic  material  on  the  molecular  level:  hence  the  need 
for  innovative  synthetic  methods  such  as  the  sol-gel 
method.  In  the  present  work,  we  utilized  a  modified  sol- 
gel  method  (3)  to  produce  two-phase  or  'composite' 
materials  consisting  of  LiCo02  and  a  second  inert  phase 
intimately  mixed  on  the  nanometer  scale.  In  a  previous 
study  (4),  it  was  demonstrated  that  the  modified  sol-gel 
method  used  in  the  present  study  was  able  to  produce 
two-phase  oxide  powders  where  the  inert  second  phase  is 
contained  in  the  active  oxide  as  nm-scale  grains  within 
the  structure  of  the  active  oxide  material.  Here  we  report 
preliminary  results  obtained  for  composites  based  on 
LiCo02  as  the  main  active  phase,  and  Si02,  Ti02  and 
A1203  as  second  inert  phases.  In  spite  of  the  relatively  low 
concentrations  of  these  inert  materials  (between  0.5  and 
1.0  mass  %),  these  new  two-phase  cathodic  materials  are 
capable  of  being  charged  to  4,3  V  vr  Li/Li+  and  capable  of 


sustaining  very  high  discharge  rates  (5  mA/cm2).  Tables 
1,  2  and  3  confirm  the  improved  rate  and  capacity 
retention  for  Li-ion  l2-phase  cathode  cells  at  a  discharge 
rate  of  1  mA/cm2.  The  electrolyte  solution  used  in  these 
studies  was  I  mol  dm'3  LiPF6  in  a  1:1:1  (by  mass)  mixture 
of  EC:EMC:DMC.  All  cells  reviewed  in  Tables  1  -3  were 
charged  to  4.3  V  and  discharged  to  a  3.0  V  cutoff.  The 
data  for  the  two-phase  cathodes  all  show  significant 
improvement  in  cathodic  rate,  energy  and  capacity 
capabilities  compared  to  the  pure,  single-phase,  LiCo02 
parent  compound.  Additional  data  showing  major 
improvements  in  energy  and  capacity  for  the  new  two- 
phase  oxides  at  rates  up  to  5  mA/cm2  will  be  presented  in 
our  full  presentation. 


Table  1 

Discharge  properties  for  cycle  N°  2  at  1  mA/cm2  at  25°C 


Property 

LiCo02 

0.5% 

Si02 

0.5% 

Ti02 

0.5% 

ai2o3 

1% 

ai2o3 

mAh/g 

138.9 

136.7 

132.8 

132.6 

132.5 

mid  volts 

3.74 

3.85 

3.89 

3.86 

3.88 

Wh/kg 

518.8 

526.3 

515.9 

511.8 

512.7 

Table  2 

Discharge  properties  for  cycle  N°  50  at  1  mA/cm2  at  25°C 


Property 

LiCoOz 

0.5% 

Si02 

0.5% 

Ti02 

0.5% 

Al203 

i% 

ai2o3 

130.9 

132.2 

H 

130.7 

lit  MM 

mid  volts 

EE9I 

■ 

KE9I 

Wh/kg 

483.0 

505.5 

0SE13S 

Table  3 

Discharge  properties  for  cycle  N°  70  at  1  mA/cm2  at  25  °C 


Property 

LiCo02 

0.5% 

Al203 

1% 

ai2o3 

125.4 

IfcMEl 

mnmm 

128.2 

mid  volts 

MEM 

mw.¥m 

506.2 

511.9 

W3HEM 

U*M:1 
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Solid  state  lithium  polymer  batteries  is  one  of  the  most 
promising  second  batteries  system  for  electric  vehicle 
applications  because  of  its  advantages  of  no  risk  of 
leakage  of  liquid  electrolyte,  higher  energy  density,  and 
shape  flexibility  compared  with  other  systems.  The 
cathode  material  currently  used  for  such  type  battery  was 
limited  only  to  vanadium  compounds.  However, 
vanadium  compounds  are  expensive,  toxic,  and  unstable 
in  atmosphere.  One  of  the  next  challenge  steps  is  to  find  a 
cheap,  no  toxic  cathode  materials  instead  of  vanadium 
compounds.  Manganese  oxides  are  cheap,  low  toxic,  and 
exist  in  many  forms.  Primary  batteries  in  various  sizes 
and  rechargeable  batteries  in  coin  type  with  Mn02 
positive  electrodes  are  commercially  available.  Spinel 
LiMn204  is  capable  of  reversibly  accommodating  Li  over 
a  wide  range  (i.e.,  X-Mn02  to  Li2Mn204),  corresponding 
to  intercalation  of  lithium  ion  at  two  plateaus  of  4  and  3  V 
vs.  Li/Li+.  Lithium  intercalation  at  high  voltage  has  been 
considered  for  lithium  ion  battery  applications.  The 
intercalation  of  lithium  ion  into  LiMn204  at  ca.  3  V  leads 
to  tetragonal  Li2Mn204,  due  to  the  Jahn-Teller  effect.  This 
gives  rise  to  a  decline  in  electrode  capacity  and 
consequently,  poor  rcchargeability  of  battery.  The  Jahn- 
Teller  distortion,  however,  can  be  suppressed  by 
increasing  average  oxidation  of  manganese,  e.g,  the  cubic 
symmetry  can  be  preserved  at  least  to  x  =  2.5  in 
Li4+xMn50i2,  and  x  =  1,7  in  Li^MfyCV.  These 
compounds  show  better  cyclability  in  the  3  V  region. 

In  the  present  work,  we  used  self-reaction  method 
(JMC-method)  to  prepare  stoichiometric  defect  spinel 
Lign/n+4Mn8,n+404,  Li4Mn50|2  (n=0.8),  Li2Mn307  (n=0.65), 
and  Li2Mn409  (n=0.5)  with  an  oxidation  state  of  Mn  close 
to  4+  by  controlling  the  Li/Mn  ratio,  annealing 
temperature  and  time,  as  well  as  atmosphere.  When 
assembled  as  positive  electrode  in  both  liquid  and  solid 
state  polymer  batteries,  it  behaves  excellent  battery 


performance.  Fig.  1  gives  first  5  cycles  charge/discharge 
curves  of  Li/Li4Mn50i2  cell  containing  1M  LiPF6- 
EC/DMC  and  solid  state  polymer  electrolyte 
Li(CF3S02)2/P(E0/EM).  It  shows  an  initial  capacity  of 
160  mAh/g  close  to  the  theoretical  value,  and  a 
rechargeable  capacity  of  140  mAh/g.  Rechargeable 
capacity  of  Li/SPE/Li4Mn50j2  cell  at  C/3  rate  at  65°C  is 
plotted  in  Fig.  2  as  a  function  of  cycles.  Cell  shows 
excellent  cyclability.  The  capacity  decline  is  about  1 .45% 
per  cycle  over  100  cycles  at  65°C. 

Synthesis,  optimal  cell  configuration  design,  and 
mechanism  of  capacity  decline  upon  cycling  will  present 
in  the  conference. 
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Capacity  <mAh/f) 

Fig.  1  charge/discharge  curves  of  Li/Li4Mn50]2 
containing  (A)  IM  LiPF6-EC/DMC  and  (B)  solid  state 
polymer  electrolyte  Li(CF3S02)2/  P(EO/EM)  at  65°C 


Fig.  2  Rechargeable  capacity  vj.  cycle  number  of 
Li/SPE/Li4Mn50i2at  C/3  rate  at  65°C. 
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Lithium  manganese  oxide  spinels  with  substitution  of 
certain  metals  for  the  manganese  have  been  the  subject  of 
much  interest  as  cathode  materials  for  lithium 
rechargeable  batteries.1'3  This  work  attempts  to  elucidate 
the  performance- improving  effects  that  metal  substitution 
has  on  the  spinel  structure  by  coupling  MAS-NMR  and 
electrochemical  studies. 

Substituted  spinels,  LiMyMn2-yC>4  (0<y<0.25,  M=Li,Ni, 
Zn,Co,Al,Cr),  have  been  prepared  at  850°C  (600°C  for 
M=Li)  in  flowing  oxygen.  Selected  compositions  have 
been  cycled  vs.  lithium  foil  on  the  4-volt  plateau.  7Li 
MAS-NMR  spectra  of  LiMn204  as-prepared,  after  one 
cycle,  and  after  100  cycles  are  shown  in  Figure  1.  Similar 
spectra  for  Li i osMni  95O4  are  shown  in  Figure  2.  The 
small  shift  in  the  normal  tetrahedral  lithium  peak  after 
cycling  is  due  to  a  change  in  manganese  oxidation  state 
because  of  slightly  different  states-of-charge  before  and 
after  cycling.  The  sharp  peak  at  Oppm  is  due  to  residual 
electrolyte  salt. 


role  of  the  substituting  metals  in  suppression  of  cycling- 
induced  degradation. 
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All  spectra  show  a  large  peak  around  500ppm,  which  is 
assigned  to  lithium  in  the  normal  spinel  tetrahedral  (8a) 
site.4-5  As-prepared  Lii  osMn]  95O4  shows  an  additional 
peak  at  580ppm.  This  peak  is  assigned  to  lithium  in  the 
tetrahedral  (8a)  environment  near  a  manganese  (16d) 
defect,  specifically,  a  substitution  for  manganese  by  a 
lithium  ion.  Upon  cycling,  the  peak  at  580-590ppm 
becomes 

apparent  in  the  case  of  LiMn2C>4  and  grows  in  relative 
intensity  in  the  case  of  Lii  osMnj  95O4.  This  suggests  a 
replacement  of  manganese  by  lithium,  and  that  this 
replacement  is  promoted  by  cycling. 

The  linewidth  for  the  normal  tetrahedral  lithium  peak  is 
unchanged  after  one  cycle,  but  substantially  broadened 
after  100  cycles.  This  suggests  the  introduction  of 
structural  disorder  to  the  8a  site  upon  cycling.  The  effect 
is  greater  for  LiMn204(  which  showed  a  greater  capacity 
fade,  suggesting  that  the  spinel  structure  is  stabilized  upon 
manganese  substitution  by  structural  consequences  which 
are  spatially  removed  from  the  substituting  ion. 

Currently,  spinel  electrodes  are  being  subjected  to 
different  types  of  abuse  in  order  to  assess  the  changes  in 
the  NMR  spectra  each  model  process  produces.  It  is 
expected  that  this  will  elucidate  the  changes  introduced 
into  the  spinel  structure  upon  repeated  cycling,  and  the 


Abstract  No.  217 


Mechano chemical  Way  for  Preparation  of 
Disordered  Lithium-Manganese  Spinel 
Compounds 

Nina  Kosova,1  Evgeniya  Devyatkina,2 
Nikolai  Uvarov3  and  Svetlana  Kozlova4 

'Institute  of  Solid  State  Chemistry 
Kutateladze  18,  Novosibirsk  630128,  Russia 
Novosibirsk  630128 
Russia 

institute  of  Solid  State  Chemistry 
Kutateladze  18,  Novosibirsk  630128,  Russia 
Novosibirsk  630128 
Russia 

’institute  of  Solid  State  Chemistry 
Kutateladze  18,  Novosibirsk  630128,  Russia 
Novosibirsk  630128 
Russia 

4  Institute  of  Inorganic  Chemistry 
Lavrent’eva  3,  Novosibirsk  630090,  Russia 
Novosibirsk  630090 
Russia 

Lithium-manganese  oxide  compounds  with  spinel 
structure  attract  a  great  deal  of  interest  in  both  the¬ 
oretical  and  applicative  aspects.  A  great  ability  of 
Mn  ions  to  change  easily  their  valence  state  in  Li- 
Mn  spinels  and  possibility  for  cation  mixing  are  the 
origin  of  interesting  physical  properties  of  these  com¬ 
pounds.  On  the  other  hand,  Li-Mn  spinels  were  found 
to  be  prospective  cathode  materials  in  lithium  batter¬ 
ies.  Structural  characteristics,  particle  size  and  crys¬ 
tallinity  play  very  important  role.  Besides,  disordered 
spinels  are  assumed  to  improve  reversibility  and  to  in¬ 
crease  capacity  of  cathodes  [1,2]. 

Mechanochemistry  is  one  of  the  most  promising  low 
temperature  method  of  synthesis.  In  these  method 
nanoscale  mixing  of  reagents  occurs  and  nucleation 
process  initiates  at  room  temperature,  exhibiting  more 
homogeneous  distribution,  larger  specific  area  and 
smaller  particle  size  of  final  products  as  compared  with 
the  solid  state  reaction  method.  Besides,  it  is  possible 
to  obtain  disordered  spinel  compounds.  Disordering  is 
achieved  either  through  cation  mixing  (inverse  spinel) 
or  through  cationic  or  anionic  nonstoichiometry  (defi¬ 
cient  spinels). 

Recently  [3],  we  showed  the  possibility  of  direct 
mechanochemical  synthesis  of  LiMn204  with  poor 
crystallinity  and  specific  surface  area  of  about  50-100 
m2g.  A  significant  influence  of  starting  materials  on 
the  mechanism  of  synthesis  was  found. 

In  the  present  work  we  investigated  the  structural 
aspect  of  materials  prepared  using  mechanochemical 
method. 

Mechanochemical  activation  (MA)  was  carried  out  in 
AG  0-2  activator  with  water  cooling  and  stainless  con¬ 
tainers  and  balls  (8  mm  diameter,  660  rpm).  The  mass 
ratio  of  materials  to  balls  was  1/40.  Mn02,  LiOH  and 
Li2C03  were  used  as  starting  reagents.  Two  groups  of 
activated  mixtures  (before  and  after  chemical  interac¬ 
tion)  were  then  heated  at  450, 600  and  800&#61616;C. 

Phase  analysis,  changes  of  lattice  parameters,  oxygen 
stoichiometry,  as  well  as  local  structure  and  cationic 


environment  have  been  performed  using  X-ray  powder 
diffraction,  thermogravimetry,  7Li  NMR,  EPR  and  IR 
spectroscopy.  Specific  surface  area  was  measured  by 
BET  method. 

It  was  found  that  in  spite  of  different  type  of  pre¬ 
cursor,  obtained  by  MA,  thermal  treatment  brings  to 
crystalline  Li-Mn  spinel  starting  from  450&#61616;C. 
AH  diffraction  peaks  were  indexed  by  a  cubic  spinel 
structure  and  refined  with  a  space  group  Fd3m.  The 
crystallinity  and  the  lattice  parameter  a  of  prod¬ 
ucts  increase  with  temperature  and  time  of  activa¬ 
tion,  the  latter  being  lower  for  hydroxide  samples, 
and  doesnt  achieve  the  value  of  8.24  A  for  stoichio¬ 
metric  LiMn204,  prepared  by  solid  state  method.  It 
indicates  that  they  are  disordered  and  enriched  by 
Mn4+,  and  can  be  described  by  the  formula  (Lil- 
x&#61695;x)  [(Mn3+Mn4+)2-y&#61695;y]04,  where 
&#61695;  is  vacancy,  or  LiMn204+z.  The  excess  oxy¬ 
gen  is  released  under  heating.  Oxygen  nonstoichiom¬ 
etry  was  elucidated  on  the  basis  of  thermogravimetry 
data.  It  decreased  with  the  temperature  of  treatment. 

IR  studies  showed  the  other  kind  of  disordering  in  ob¬ 
tained  spinels.  IR  spectra  of  all  investigated  samples 
are  represented  by  two  bands  at  300-  800  cm-1.  For 
samples  heated  at  T^450&#61616;C  they  are  degen¬ 
erated,  while  for  mechanochemically  prepared  samples 
and  after  heat  treatment  at  lower  temperatures  the 
removal  of  degeneration  is  observed.  The  splitting  of 
bands  is  explained  as  a  consequence  of  Li  and  Mn  ions 
distribution  between  tetrahedral  and  octahedral  sites. 

The  quantitative  data  of  Li  ion  distribution  over 
nonequivalent  crystallographic  positions  were  obtained 
by  7Li  NMR  spectroscopy.  If  all  Li  ions  occupy  high 
symmetric  tetrahedral  8a  sites,  NMR  spectrum  is  rep¬ 
resented  by  a  narrow  symmetric  line.  If  all  Li  ions  oc¬ 
cupy  octahedral  sites,  the  broadening  of  line  must  ap¬ 
pear  owing  to  electric  field  gradient.  In  mechanochem¬ 
ically  prepared  Li-Mn  spinels  the  asymmetry  was  ob¬ 
served  due  to  the  shift  arising  with  the  increasing  num¬ 
ber  of  neighboring  oxygen  atoms  and  indicating  that 
Li  ions  occupy  both  tetrahedral  and  octahedral  sites. 
Using  the  method  of  the  least  squares,  the  decompo¬ 
sition  of  the  observed  spectra  was  fulfilled. 

The  state  of  Mn4+  ions  in  prepared  samples  was  elu¬ 
cidated  by  EPR  spectroscopy.  The  analysis  of  signal 
width,  g-factor  value  and  their  changes  versus  temper¬ 
ature  allows  to  elucidate  the  degree  of  nonequilibrium 
of  spinels. 

Spinels,  prepared  mechanochemically,  are  character¬ 
ized  by  high  specific  surface  area.  It  sharply  de¬ 
creases  with  the  increasing  of  temperature  above 
600&#61616;C  and  the  time  of  MA.  It  is  higher  for 
hydroxide  samples,  that  was  explained  by  specific  pro¬ 
cess  of  mixing  [4]  and  the  significant  role  of  residual 
surface  OH  groups  on  the  process  of  sintering  of  par¬ 
ticles,  determining  moving  apart  effect. 

The  influence  of  disordering  in  Li-Mn  spinels,  prepared 
using  MA,  on  their  electrochemical  properties  was  in¬ 
vestigated  in  LiMn204,  C  LiPF6,  EC  Li  cell. 

It  is  concluded  that  a  control  of  the  cationic  distri¬ 
bution  and  oxygen  nonstoichiometry  in  Li-Mn  spinels 
is  of  a  great  importance  for  the  improvement  of  their 
electrochemical  properties. 
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Introduction 

Recently,  it  was  reported  that  Li(Mn,M)204 
(M=Cr,  Fe,  Ni,  Co,  Cu)  exhibited  a  nearly  5V  operating 
voltages  after  reaching  the  4V  plateau  of  voltage  curves 
when  they  are  used  as  cathode  materials  of  the  Li 
batteries(l-3).*  However,  the  structural  variations  of  the 
dopant  metals  at  the  5  V  region  remained  to  be  elucidated. 
The  X-ray  absorption  fine  structure  (XAFS)  technique  is 
most  suitable  for  obtaining  these  information  under  an  in 
situ  condition.  We  have  already  developed  a  transmission 
in  situ  XAFS  cell  and  revealed  structural  changes  of 
LiCo02>  LiNi02  ,  Li(Co,Ni)02,  and  LiMn204  with  the 
electrochemical  Li  deintercalation  (4-6).  The  present 
study  was  conducted  to  reveal  variations  in  the  chemical 
states  and  local  structures  of  the  Mn  and  M  (M=Cr,  Co, 

Ni)  atoms  in  Lii.x(Mn,M)204  as  a  function  of  the  Li 
content  by  in  situ  XAFS  analysis.  In  particular,  detailed 
structural  behavior  of  the  Ni-06  octahedra  in  Lij. 
x(Mn,Ni)204  during  the  charge  process  was  clarified  by 
analyzing  EXAFS  (extended  X-ray  absorption  fine 
structure)  oscillations. 

EXPERIMENTAL 

The  partially  substituted  Mn  spinels  Li(Mn2_ 
yCry)04  (y=0.75),  Li(Mn2.yCoy)04  (y=0.29),  and  Li(Mn2. 
yNiy)04  (y=0.31 , 0.4)  were  prepared  by  a  solid-state 
reaction.  The  in  situ  XAFS  cell  is  composed  of  a  thin 
film  cathode,  a  liquid  electrolyte  1M  (LiPF6  in  EC*  DMC: 

1 :2  in  volume),  and  a  lithium  foil  anode(6).  The  cell  was 
charged  to  a  desired  voltage  at  a  constant  current,  and 
then  kept  in  a  resting  condition  for  ca.  40  minutes.  Cr, 
Mn,  Ni,  and  Co  K-XAFS  spectra  were  measured  in  a 
transmission  mode  at  various  stages  of  the  charge  process. 
The  measurements  were  carried  out  at  BL-7C  and  12C, 
Photon  Factory  (PF),  KEK,  Tsukuba,  Japan.  A  Si(l  11) 
double-crystal  monochromator  was  used,  and  the 
intensities  of  the  incident  and  transmitted  X-rays  were 
measured  by  the  ion  chamber  detectors  at  room 
temperature.  The  EXAFS  data  were  analyzed  by 
conventional  methods  using  REX2  data  analysis  software 

(7).  Theoretical  parameters  of  the  backscattering 
amplitude  and  phase  shifts  used  in  the  curve  fitting 
analysis  were  calculated  by  FEFF  8  (8). 

Results  and  Discussion 

The  XANES  spectra  of  the  transition  metals  show 
various  changes  with  the  Li  deintercalation.  As  an 
example,  the  Ni  K-XANES  spectra  of  Li1.xMn169Ni03iO4 
as  a  function  of  x  are  shown  in  Fig.  1.  The  spectrum 
shows  an  abrupt  chemical  shift  at  x=0.4,  and  the  total  shift 
is  as  large  as  3.52  eV  (Fig.  1).  Because  the  Ni  K-edge 
energy  at  x=0  (8340.7  eV)  concides  with  that  of  reference 
Ni2+(CH3COO)2  (8341.1  eV),  the  existence  of  Ni2+  in 


LiMni.69Nio.3i04  spinel  is  confirmed.  It  is  reported  that 
the  chemical  shift  accompanied  by  the  oxidation  from 
Ni2+  to  Ni4+  is  3.7  eV(9),  which  is  in  good  agreement  with 
the  present  result  supporting  the  oxidation  of  Ni2+  to  Ni4+. 
The  present  XANES  analysis  has  disclosed  that,  in 
summary,  the  oxidation  of  Mn3+  to  Mn4+  is  associated 
with  the  charge  process  at  low  voltage  (3 .9-4.3  V),  and 
the  high  voltage  (near  5  V)  is  due  to  the  oxidations  of  Cr3+ 
and  Ni2+.  The  oxidation  of  Co3*  to  Co4+  occurs  at  both  the 
low  and  high  voltage  regions  of  the  voltage  curve. 

The  Fourier  transforms  (FT)  of  the  EXAFS 
oscillation  for  each  phase  was  calculated.  The  intensities 
of  the  first  peak  corresponding  the  Ni-0  interaction  in  FT 
for  the  Ni  phase  show  a  peculiar  variation.  The  height  of 
the  Ni-0  peak  begins  to  decrease  when  x  exceeds  0.4,  and 
then  reaches  a  minimum  at  x=0.6.  Then,  the  peak  height 
increases  significantly  with  the  deintercalation  of  Li.  An 
extraordinarily  small  Ni-0  peak  has  also  observed  in 
LiNi02  (4).  This  was  interpreted  as  due  to  the  Jahn-Teller 
distorted  Ni3*-06  octahedron  from  the  true  octahedral 
coordination.  Our  results  also  suggest  that  the  small  Ni-0 
peaks  at  x=0.6  can  be  ascribed  to  the  presence  of  a 
distorted  Ni3+-0  octahedron  due  to  the  Jahn-Teller  effect. 
Consequently,  it  is  found  that  Ni2+  is  first  oxidized  to  the 
low-spin  Ni3+,  which  is  the  d7  Jahn-Teller  ion;  then,  when 
x  exceeds  0.6,  Ni3*  starts  to  oxidize  to  Ni4+.  The  average 
Ni2*-0,  Ni3+-0,  and  Ni4*-0  octahedral  distances  were 
calculated  to  be  1.99,  1.92,  and  1.86  A,  respectively.  The 
theoretical  Ni-0  distances  calculated  from  the  ionic  radii 
2.07  for  Ni2+-0,  1 .94  for  Ni3+-0  (low-spin  state),  and  1.86 
A  for  Ni4+-0,  which  is  in  fair  agreement  with  the  present 
results.  It  is  concluded  that  the  electrochemical  Li 
deintercalation  first  causes  the  oxidation  of  Ni2+  to  Ni3+; 
Ni3+  is  then  oxidized  to  Ni4*.  Thus,  a  dynamical  change 
in  the  Ni  oxidation  state  with  the  Li  deintercalation  can  be 
elucidated  experimentally  for  the  first  time. 


Fig.l  Ni  K-XANES  spectra  of  Lii.xMn1.69Ni0,3iO4 
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1.  Introduction 

The  decomposition  of  electrolyte  in  the  lithium  ion 
batteries  is  regarded  as  a  major  reason  for  the  capacity 
decrease.  Therefore,  many  studies  have  been  carried  out 
on  decomposition  mechanisms  of  electrolyte. 1 

Many  decomposition  mechanisms  of  the  electrolyte 
solutions  on  the  negative  electrode  surface  were 
suggested  from  the  observation  of  the  final  decomposition 
products.  For  example,  radical  species  of  an  intermediate 
state  in  this  reaction  mechanism  were  observed  by 
electron  spin  resonance  spectroscopy  (ESR). 1-3 

In  this  work,  wc  used  ESR  to  observe  the  reactive 
intermediate  radical  species  in  the  reaction  between  the 
positive  electrode  and  the  electrolyte  solution. 
Furthermore,  we  also  discuss  the  intermediate  radical 
structure  and  the  capacity  fade  of  the  positive  electrode 
during  in  a  storage  test  at  80°C. 

2.  Experimental 

Non-aqueous  solvents  (ethylene  carbonate  (EC), 
propylene  carbonate  (PC),  dimethyl  carbonate  (DMC), 
ethyl  methyl  carbonate  (EMC),  diethyl  carbonate  (DEC) 
(Mitsubishi  Chemical),  lithium  hexafluorophosphate 
(LiPF6)  and  LiCo02  were  used.  The  LiCo02  was 
oxidized  by  charging  to  the  potential  of  4.3  V  vs.  Li/Li+. 

X-band  ESR  observations  were  carried  out  with  an 
ESP350E  electron  spin  resonance  system  (Bruker)  at  80°C 
with  microwave  frequency  of  9.49GHz,  microwave  power 
of  lmW,  and  measurement  width  between  313.6  and 
363.6mT. 

3.  Results  and  Discussion 

Cation  Radical  species  were  generated  as  an 
intermediate  product  in  an  electrochemical  oxidation 
reaction  of  the  charged  positive  electrode  with  the 
solution. 

Direct  ESR  measurement  was  carried  out  for  each 
sample  after  it  was  stored  in  the  ESR  equipment  at  80°C 
for  1  hour.  The  result  is  shown  in  figure  1.  These  spectra 
were  for  the  reactions  of  EC,  PC,  DMC,  EMC,  and  DEC 
including  1  mol/1  LiPF6  on  the  charged  positive  electrode. 
All  of  g  factor  from  those  spectra  were  2.0023.  The 
radical  quantity  after  the  storage  at  80°C  was 
3*  6E+17spins  g'\  which  was  approximately  twice  as 
large  as  that  before  the  storage  at  25°C. 

Since  hyperfine  splitting  was  not  observed,  we  used 
0.32mT  of  the  modulation  width.  The  line  width  of  the 
peak  was  also  similarly  different  by  the  solvents  in  the 
range  between  2.7  and  5.0mT.  The  line  widths  of  the 
peak  by  the  electrochemical  oxidation  in  PC  and  DMC 
were  over  10  times  wider  than  those  of  the 
electrochemical  reduction.  The  peak  shape  of  each 
solution  was  symmetrical. 

Possible  explanations  for  these  results  are:  transverse 
relaxation  by  spin-spin  dipolar  interaction,  modulation  of 
anisotropic  tensors  or  intermolecular  electron  exchange 
broadening.  Spin-spin  dipole  interaction  depends  on  the 
spin  concentration.  In  this  case,  the  concentration  of  the 


radical  species  was  about  lOOppm  in  the  electrolyte 
solution.  This  radical  concentration  can  be  broaden  the 
ESR  peaks  illustrated  in  figure  1 .  The  open-shell  cation 
radical  species  shown  in  figure  2  have  an  asymmetric  line 
shape.  However,  the  peak  shape  was  symmetrical. 
Therefore,  no  asymmetric  absorption  was  related  to  the 
effect  of  the  modulation  of  anisotropic  tensors  by 
suppressed  rotational  diffusion  of  the  open-shell  species. 
This  modulation  is  a  transverse  relaxation  of  electron 
exchange  interaction  like  a  intermediate  anion  radical 
species  from  a  reduced  reaction  of  an  electrolyte  solution 
in  a  negative  electrode. 


oxidation  reaction  of  a)  1.0  mol/1  LiPFe/EC;  b)  1.0  mol/1 
LiPFe/PC;  c)  1.0  mol/1  LiPFe/DMC;  d)  1.0  mol/1 
LiPFe/EMC;  e)  1.0  mol/1  LiPFe/DEC  in  contact  with 
charged  positive  electrode  (Li|.,Co02)  at  80°C  after  1 
hour. 
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Figure  2  The  open-shell  cation  radical  species 
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1.  Introduction 

Lithium  iron  oxides,  LiFe02  including 
metastable  polymorphs  are  one  of  most  attractive  cathode 
materials  for  large-scale  lithium-ion  batteries  due  to 
abundance  of  natural  resources.  Although  many 
researchers  have  succeeded  to  prepare  electrochemically- 
active  LiFe02  by  soft-chemical  method  (ion-exchange 
reaction),  only  a  few  report  has  been  presented 
concerning  the  formation  of  Fe3+/Fe4+  redox1.  However, 
the  Fe3+/Fe4+  redox  couple  was  observed  in  the  cathodes 
of  Fe  doped  LiNi022  and  LiCo023.  These  reports  raise  a 
question  whether  Fe3+  can  be  oxidized  independently 
from  the  oxidation  of  other  cations  or  not.  Therefore,  we 
tried  to  prepare  Fe  doped  Li2Mn03  to  see  the  Fe3+/Fe4+ 
redox  behavior  in  electrochemical  inactive  phase  with  one 
of  layered  rock  salt  structure  similar  to  LiCo02. 

2.  Experimental 

Fe  doped  Li2Mn03  samples  were  obtained  by 
hydrothermal  reaction  of  Fe-Mn  coprecipitate  with 
lithium  hydroxide  under  the  presence  of  oxidant,  KC103 
at  220-240°C  for  10-240h.  The  Fe-Mn  coprecipitate  was 
obtained  by  bubbling  air  through  the  precipitate  (3-7days) 
which  was  made  by  adding  dropwise  NaOH  solution  to 
mixed  Fe(N03)3  -  Mn(N03)2  one.  The  hydrothermally- 
obtained  samples  were  washed  repeatedly  with  distilled 
water  and  filtered  for  eliminating  the  residual  salt  from 
the  products  and  then  they  were  dried  at  100°C. 

The  samples  were  characterized  by  X-ray 
diffraction  (XRD),  transmission  electron  microscope 
(TEM),  chemical  analysis,  Mn-K  X-ray  absorption  and 
57Fe  Mossbauer  spectroscopy. 

3.  Results  and  Discussion 

Although  XRD  patterns  of  5%  Fe  doped  samples 
(Fig.  1)  was  close  to  that  of  Li2Mn03,  the  patterns  of  the 
doped  one  above  10%  were  similar  to  that  of  LiCo02 
rather  than  that  of  Li2Mn03.  No  other  lithium  manganese 
oxides,  lithium  iron  oxides,  manganese  oxides  and  iron 
oxides  were  detected  on  these  patterns.  The  Li/(Fe+Mn) 
values  were  1.69(3)  for  10%  doped  sample  and  1.47(2) 
for  20%  doped  one.  The  Fe/(Fe+Mn)  values  were  0.10(1) 
for  10%  doped  sample  and  0.21(1)  for  20%  doped  one. 
These  results  indicate  the  samples  are  belong  to  Li2Mn03- 
LiFe02  solid  solution  rather  than  LiMn02-LiFe02  one. 
The  pattern  of  5%  Fe  doped  Li2Mn03  could  be  fitted  by 
monoclinic  Li2Mn03  unit  cell  {Cl/m,  a=4.9407(9)A, 
6=8.5465(10)A,  c=5.021I(5)A,  £=1 09.274(13)°).  The  a- 
NaFe02  type  unit  cell  {Rim,  o=2.85577(14)A, 
c=14.2181(10)  A)  was  used  for  fitting  the  XRD  pattern  of 
10%  Fe  doped  sample.  The  occupation  of  transition  metal 
in  lithium  layer  was  estimated  to  be  3.2(2)%.  The 
average  grain  size  decrease  with  increasing  Fe  content 
(from  ca.  0.3)im  for  5%  doped  sample  to  <0.1  pm  for  20% 
doped  one).  Therefore,  the  change  in  structure  from 
monoclinic  to  pseudo-rhombohedral  one  could  be 
attributed  to  suppression  of  cation  ordering  due  to  low 
preparation  temperature.  The  hypothesis  was  supported 
by  the  experimental  results;  monoclinic  form  ( C2Jm , 
a=4.9264(5)A,  6=8.5246(6)A,  c=5.0161(3)A, 


£=109.266(7)°)  of  10%  Fe  doped  Li2Mn03  could  be 
obtained  by  annealing  at  400°C  in  air  for  12h.  The 
change  in  lattice  parameters  could  be  detected  comparing 
to  undoped  sample  (a=4.9307(3)A,  6=8.531 3(4)A, 
c=5.0230(2)A,  £=109.343(4)°)  indicating  that  Fe  ions 
were  incorporated  in  Li2Mn03  structure.  The  occupation 
of  transition  metal  in  lithium  layer  was  estimated  to  be 
0.9(2)%  which  is  smaller  than  that  of  as-prepared  sample. 
The  XRD  pattern  fitting  of  two  20%  Fe  doped  samples 
(hydrothermally-obtained  and  annealed  one  at  400°C) 
were  failed  at  present.  Only  peak  position  could  be 
refined  for  obtaining  lattice  parameters  {Rim, 
«=2.8648(2)A,  c=14.2240(18)A)  for  hydrothermally- 
obtained  sample.  Attempts  for  obtaining  higher 
crystallinity  sample  by  selecting  higher  annealing 
temperature  were  unsuccessful  due  to  the  formation  of 
inverse  spinel,  i.e.  LiFe508  at  450  °C. 

No  significant  change  in  Mn-K  XANES  spectra 
for  Fe  doped  samples  (hydrothermally-obtained  one) 
could  be  detected  compared  to  that  of  Li2Mn03, 
indicating  that  valence  state  of  Mn  was  kept  at  4+  after  Fe 
doping.  57Fe  Mossbauer  spectra  at  300K  could  be  fitted 
by  a  doublet  with  +0.32mm/s  of  isomer  shift  value  for 
10%  Fe  doped  sample,  which  is  typical  one  of  high-spin 
Fe3+  compounds  such  as  a-LiFe02  (+0.36  mm/s)  and  a- 
NaFe02  (+0.37  mm/s).  These  spectroscopy  data  supports 
the  formation  of  Li2Mn03-LiFe02  solid  solution. 

In  conclusion,  Fe  could  be  incorporated  into 
Li2Mn03  by  hydrothermal  reaction  and  post-  annealing  in 
air.  Electrochemical  data  for  these  samples,  and  results 
for  the  sample  obtained  by  solid  state  reaction  will  be 
presents  at  the  meeting. 
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Fig.  1  XRD  patterns  of  Fe  doped  and  undoped  samples 
obtained  hydrothermally. 
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Strong  attention  has  been  focused  on  LiMn204 
spine!  because  of  its  economic  and  environmental 
advantages  over  LiCo02,  which  is  currently  used  as  a 
cathode  material  for  lithium  ion  secondary  batteries  in  a 
commercial  base.  However,  there  are  several  problems 
that  remain  to  be  solved  such  as  capacity  fading  under 
high  temperature  before  this  new  material  can  be  used  in 
practical  applications.  Study  of  crystal  structure  of 
lithium  ion  battery  materials  is  necessary  to  understand 
the  electrochemical  behavior  of  the  cathode  materials, 
because  it  is  directly  related  to  the  performance  of  the 
batteries.  A  large  number  of  in-situ  X-ray  diffraction 
studies  are  carried  out.  Their  structural  information  is 
limited  to  semi-quantitative  such  as  a  variation  of  lattice 
parameters.  This  is  partly  due  to  the  small  X-ray 
scattering  factor  of  Li  and  O,  and,  it  is  difficult  to  obtain 
reliable  structure  parameters  of  these  atoms.  More 
precise  structure  determination  can  be  realized  by 
utilizing  neutron  diffraction.  The  present  study  was 
conducted  to  reveal  the  structure  change  of  Lii.iMn(  904 
as  a  cathode  material  during  Li-deintercalation  process  by 
in  situ  neutron  diffraction  technique. 

Figure  1  shows  an  arrangement  of  the  in  situ 
neutron  diffraction  cell  developed  in  the  present  study. 
This  cell  can  reduce  Bragg  reflections  from  components 
other  than  a  cathode  material.  A  Cu  anode  and  a 
separator  (PTFE)  were  placed  out  of  the  neutron  beam 
path.  A  reservoir  is  used  to  store  the  electrolyte  during 
neutron  diffraction  measurements.  A  composite  cathode 
was  prepared  by  mixing  Li1.1Mn1.9O4  with  graphite, 
acetylene  black  and  PVDF  which  was  coated  on  an  A! 
mesh.  The  electrolyte  composition  was  1M  LiPF6  in 
ethylene  carbonate  (EC):  dimethyl  carbonate  (DMC)  (1:2 
in  volume).  The  cells  were  charged  to  a  desired  capacity 
at  a  charge  rate  of  0. 1  C.  The  measurements  were  made 
by  the  time-of-flight  neutron  diffractometer  Vega  at  the 
pulsed  spallation  neutron  facility  KENS,  KEK,  Tsukuba. 

The  obtained  neutron  diffraction  data  were 
satisfactory  in  quality,  and  they  were  analyzed  by  the 
Rietveld  method  using  RIETAN  on  the  basis  of  the  Fd- 
3m  space  group  with  three  atomic  sites,  Li  at  8a,  Mn  at 
16d,  and  0  at  32e.  Occupancy  of  oxygen,  g,  was  fixed  at 
the  value  obtained  from  a  separate  refinement  on  the  same 
cathode  material:  g(O)=0.946.  A  small  amount  of  foreign 
phases,  i.e.,  Cu  anode,  A1  collector  and  graphite  binder 
were  detected  and  were  also  included  in  the  refinement. 
Using  this  model,  diffraction  data  of  the  cathode  after 
50%  charging  were  successfully  analyzed.  Its  Rietveld 
refinement  pattern  is  given  in  Fig.  2.  The  tick  marks  from 


top  to  the  bottom  indicate  the  Bragg  peak  positions  of 
Li1.jMn1.9O4,  graphite,  Cu  and  Al,  respectively. 

On  the  other  hand,  diffraction  data  of  the  cathode 
material  after  full  charging  could  not  be  analyzed  based 
on  the  above  simple  model.  Figure  3  shows  a  shoulder 
peak  of  the  622  reflection,  which  indicates  the 
coexistence  of  two  phases.  This  result  is  consistent  with 
that  reported  by  the  in  situ  X-ray  diffraction  study  [1],  In 
order  to  extract  structural  information  of  each  phase,  we 
analyzed  the  data  on  the  basis  of  the  two-phase  model, 
where  slightly  different  structure  parameters  were 
assumed  for  each  phase.  The  lattice  parameter  and  the 
occupancy  of  the  Li  site,  g(Li)  of  the  first  phase  (original 
spinel)  decreased  with  the  Li  deintercalation:  50% 
charged;  a=8.15153(5)  A  and  g(Li)=0.68(5),  100% 
charged;  a=8.1 1 184(13)  A  and  g(Li)=0.53(8).  It  was 
estimated  that  a  part  of  the  Li  ions  exists  at  the  16c  site  in 
the  second  phase,  which  is  believed  to  be  an  expected 
diffusion  path  of  Li  during  the  charge-discharge  process. 
The  lattice  parameter  and  the  occupancy  of  the  second 
phase  are  calculated  to  be  a=8 .08984(24)  A  and 
g(Li)=0.47(21),  respectively. 

[1]  M.  N.  Richard,  I.  Koetschau  and  J.  R.  Dahn,  J. 
Electrochem.  Soc.,  144  (1997)  554. 


Fig.  2  Rietveld  pattern  for  50%-charged  material. 
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Fig.  3  The  622  reflection  of  the  full-charged  material. 
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Lithium  manganese  oxide  spinel  has  been 
expected  to  be  a  candidate  as  a  cathode  material  for 
lithium  secondary  batteries,  however,  it  has  a  serious 
problem  of  the  capacity  fading.  It  is  reported  that  the 
capacity  fading  is  caused  by  Mn  dissolution  from 
LiMn204  cathode  during  cycling  [1,2].  Determination  of 
the  Mn  concentration  in  the  electrolyte  solution  is 
essential  to  revealed  the  dissolution  mechanism  of  the 
cathode.  However,  so  far  the  sampling  of  the  electrolyte 
solution  has  been  made  by  disassembling  the  cell  because 
a  large  amount  of  sample  is  necessary  for  chemical 
analysis  such  as  inductively  coupled  plasma  (ICP)  atomic 
emission  spectroscopy  [3].  Total  reflection  X-ray 
fluorescence  (TXRF)  analysis  is  the  most  sensitive  X-ray 
fluorescence  technique,  which  requires  a  sample  solution 
of  as  small  as  a  few  pi.  We  have  applied  this  technique  to 
monitor  the  concentration  of  Mn  during  the 
electrochemical  cycling,  because  it  enables  us  to  collect 
electrolyte  solution  without  disturbing  the  electrochemical 
reaction  nor  disassembling  the  cell. 

In  this  study,  an  in-situ  TXRF  cell  was 
developed  and  measurement  conditions  for  TXRF 
analysis  were  optimized.  Moreover,  by  applying  this 
method,  Mn  dissolution  behavior  with  charge-discharge 
cycle  was  clarified  and  variation  of  the  Mn  concentration 
in  the  cell  were  measured  at  50  °C  ,  80  °C  and  room 
temperature. 

We  designed  a  glass  beaker  type  electrochemical 
cell  as  shown  in  Fig.  1.  A  composite  cathode  was 
prepared  by  mixing  Lii.iMn].904  with  graphite,  acetylene 
black  and  PVDF  which  was  coated  on  an  A1  foil.  Li 
metal  or  graphite  which  was  coated  on  a  Cu  foil  was  used 
as  an  anode.  The  electrolyte  was  1M  LiPFs  dissolved  in  a 
mixture  of  ethylene  carbonate  (EC)  and  dimethyl 
carbonate  (DMC).  The  ratio  of  EC  to  DMC  was  2:1  by 
volume.  The  charge-discharge  cycles  were  performed 
between  3.5-4 .3  V  at  a  current  rate  of  0.5  mA/cm2.  Ten 
micro  litters  electrolyte  solution  was  sampled  by  inserting 
a  capillary  with  the  outer  diameter  0.35mm  into  the  cell. 
The  sample  solution  was  incinerated  at  1000  °C  and 
dissolved  by  nitric  acid.  Then,  10  ppm  Co  solution  was 
added  to  it  as  an  internal  standard.  Finally,  the  sample 
solution  was  transferred  to  a  sample  holder  of  optically 
flat  pyrex  glass  and  was  vacuum-dried  for  measurement. 

The  Mn  concentrations  in  electrolyte  were 
determined  by  TXRF  analysis.  Cu  K«  X-ray  from  an  X- 
ray  tube  was  used  as  an  excitation  source,  and,  incident 
X-rays  were  monochromated  by  a  LiF(200) 
monochromator. 

Figure  2  presents  the  variation  of  the  capacity  of 
the  cell  as  a  function  of  cycle  number  at  room 
temperature.  The  arrows  indicate  sampling  points  for 
TXRF  analysis.  It  was  found  that  the  sampling  of  10  |il 
electrolyte  solution  did  not  affect  on  the  cyclic 


performance  of  the  cell.  Figure  3  shows  a  dependence  of 
the  Mn  concentration  on  the  cycle  number  at  50  °C  and  at 
room  temperature.  Mn  concentration  in  the  electrolyte 
solution  increased  with  increasing  the  cycle  number. 
Distribution  of  Mn  concentration  in  the  cell  is  measured 
and  shown  in  Fig.  4.  The  concentration  of  the  Mn  was  the 
highest  at  the  center  of  the  electrode.  At  the  back  of 
cathode  and  anode  electrodes,  almost  the  same  values 
were  obtained.  This  observation  suggests  that  the 
dissolution  of  Mn  occurs  during  the  charge  process 
followed  by  a  diffusion  in  the  cell.  In  this  way,  in  situ 
determination  of  Mn  concentration  in  the  electrolyte  has 
been  successfully  analyzed  by  using  TXRF  technique  and 
the  capillary  technique. 

[1]  G.  Pistoia  et  a!.,  Electrochem.  Acta,  41  (1996)  2683. 

[2]  Y.  Xia  et  al.,  J.  Power  Sources,  66  (1997)  129. 

[3]  D.H.  Jang  et  al.,  ibid.,  143  (1996)  2201. 


Fig.  1  Schematic  illustration  of  the  in  situ  cell  for  TXRF 
measurement. 


Fig.  2  Cycling  behavior  of  the  in  situ  cell. 


Fig.  3  The  amount  of  Mn  dissolution  as  a  function  of 
cycle  number. 


Fig.  4  Variation  of  the  Mn  concentration  in  the  cell. 
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INTRODUCTION 

Thin-film  LiCo02  electrode  as  a  cathode  of  Li  secondary 
microbattery  has  been  studied  extensively  due  to  its 
reversible  storage  capability  for  Li  ion.  Thin  films  without 
additives  such  as  polymer  binder  and  carbonaceous 
material  have  also  received  much  attention  from  the 
viewpoint  of  investigating  the  intrinsic  electrochemical 
properties  of  lithiated  transition  metal  oxide  [1-3]. 

The  structure  of  LiCo02  consists  of  layers  of  lithium  and 
cobalt  atoms  alternating  each  other  that  occupy  the 
octahedral  sites  of  a  trigonal  lattice  (R-3m).  Lithium  ions 
can  be  intercalated  and  de-intercalated  reversibly  into  and 
from  these  layers  with  a  corresponding  change  of  lattice 
parameters,  in  which  the  intercalation-induced  stress  is 
generated  by  the  dimensional  mismatch  between  regions 
having  different  Li  concentrations. 

There  are  two  main  driving  forces  which  affecting  the 
transport  properties  of  Li  ion  through  the  oxide  electrode 
i.e.,  the  concentration  gradient  and  the  stress  gradient.  Of 
these  two  factors,  the  stress  gradient  effect  has  been 
ignored  as  a  trivial  phenomenon. 

In  this  study,  we  investigated  the  intercalation-induced 
stress  gradient  effect  on  the  Li  ion  transport  properties  as  a 
function  of  film  thickness  using  the  optical  cantilever 
method. 

EXPERIMENTAL 

Thermally  grown  Si02  (about  2000  A)  on  the  (100)  Si 
(total  100  pm  thickness)  was  used  as  a  substrate  and  its 
area  for  film  deposition  was  0.2  x  2  mm2.  The  LiCo02  thin 
films  were  fabricated  by  r.f.  magnetron  sputtering  with  a 
stoichiometric  LiCo02  target  (2  inches  in  diameter).  A 
3000  A  Pt  current  collector  was  deposited  prior  to  LiCo02 
film  deposition  and  a  300  A  Ti  layer  was  incorporated 
between  the  substrate  and  Pt  current  collector  in  order  to 
enhance  the  adhesion  of  Pt  onto  the  Si02  surface.  In  order 
to  obtain  the  desired  structure,  films  were  annealed  at  800 
°C  in  an  oxygen  atmosphere  for  30  min  with  ±10  °C/min  of 
heating  and  cooling  rates. 

The  mechanical  properties  of  LiCo02  thin-film  cathode 
as  a  function  of  its  thickness  were  investigated  on  an 
optical  bench  equipped  with  He-Ne  laser  beam  source, 
splitter  and  linear  position  detector.  Glass  beaker-type  cells 
were  used  to  evaluate  the  electrochemical  and  mechanical 
properties  of  the  LiCo02  cathodes.  The  cell  consisted  of 
lithium  metal  sheets  as  counter  and  reference  electrodes 
and  a  LiCo02  film  as  a  working  electrode,  and  1  M  LiC104 
-PC  electrolyte.  The  half-cell  test  was  conducted  at  a 
constant  voltage  scan  rate  for  cyclic  voltammetry  (CV)  and 
constant  current  for  charge-discharge  experiments  with  a 
multichannel  potentio/galvanostat.  In  order  to  measure  the 
lithium  ion  diffusion  coefficient  in  the  thin-film  LiCo02 
cathode,  the  electrochemical  impedance  analysis  (EIS)  was 


used 

RESULTS  AND  DISCUSSION 

The  lattice  parameter,  c,  and  unit  cell  volume  of  LiCo02 
increases  linearly  with  decrease  of  Li  concentration  [4]. 
The  changes  in  lattice  parameter  and  volume  generate 
intercalation-induced  stress  field  between  the  regions 
having  different  Li  concentration.  The  Li  ion  transport 
properties  affected  by  the  stress  field  gradient  as  well  as  the 
concentration  gradient.  Fig.  1  shows  the  deflection  voltage 
variation  associated  with  CV  (scan  rate  =  1  mV/sec)  of  a 
LiCo02  thin-film  electrode  of  6000  A  thickness  in  the 
LiC104-PC  electrolyte  at  room  temperature. 

The  diffusion  coefficient  of  Li  ion  through  the  thin-film 
LiCo02  cathode  was  a  function  of  its  thickness.  The 
diffusion  coefficient  measured  by  EIS  increases  with  the 
increase  of  film  thickness  at  the  same  degree  of  Li 
concentration  -  at  the  same  equilibrium  potential.  This 
phenomenon  can  be  explained  as  a  stress-field  effect.  The 
amount  of  stress  generated  by  the  intercalation  process  is 
not  responsible  for  the  variation  of  diffusion  coefficient. 

The  stress  variation  for  the  samples  with  different 
thickness  was  measured  by  optical-cantilever  method 
equipped  with  a  He-Ne  laser  and  linear  position  detector. 
The  detailed  experiments  and  results  are  proceeding.  The 
results  of  this  experiment  would  propose  a  very  important 
criterion  about  the  fabrication  of  thin-film  electrode  for  the 
Li  secondary  microbattery. 
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Fig.  1.  Change  in  deflection  voltage  variation  associated 
with  CV  of  a  LiCo02  thin-film  cathode  of  6000  A  thickness 
in  the  LiC104-PC  electrolyte  at  room  temperature. 
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The  formation  and  structural  properties  of  layered 
LiMnCL  cathode  materials  have  recently  been  described 
for  materials  prepared  by  solid  state  processing,  using  A1 
or  Cr  to  stabilise  the  a-NaFeOz  type  structure  [1],  For 
0.05  <  x  [  0.1,  powder  X-ray  diffraction  shows  that  the 
LiA^Mn,./^  compounds  have  a  well-ordered  monoclinic 
crystal  structure,  with  A1  or  Cr  sharing  the  Mn  sites  and 
no  detectable  cation  mixing  between  Mn  and  Li  layers. 
Substitution  therefore  allows  layered  Li-Mn-0 
compounds  to  be  obtained  without  the  need  for  solution 
ion-exchange  or  hydrothermal  methods  of  preparation. 

In  order  to  better  understand  the  effects  of  substitution  in 
these  materials,  we  have  probed  the  local  structures  of  Al¬ 
and  Cr-substituted  LiMn02  compounds  by  X-ray 
absorption  fine  structure  (XAFS)  spectroscopy  at  the  Al, 
Cr  and  Mn  K-e dges.  XAFS  allows  the  local  geometric  and 
electronic  structures  with  respect  to  the  substituting 
element  and  Mn  to  be  individually  probed.  In  the  case  of 
Cr  and  Mn,  detailed  structural  information  can  be 
obtained  about  the  oxidation  state  of  the  ion  and  the 
distribution  of  nearest  oxygen  and  transition  metal 
neighbours.  The  data  confirm  that  Cr  and  Mn  occupy  the 
same  type  of  site  in  the  compounds,  but  have  different 
local  coordination  geometries  in  the  first  oxygen 
coordination  shell  and  in  the  distribution  of  nearest- 
neighbour  transition  metal  ions  (see  Fig.  1  for  example  of 
LiCr0.10Mn0.90O2)-  The  differences  in  local  structure 
between  Cr  and  Mn  relate  to  a  highly  regular  octahedral 
coordination  around  Cr  ions,  in  contrast  to  a  distorted 
octahedral  environment  around  Mn  ions  due  to  the  Jahn- 
Teller  effect.  Anomalous  broadening  of  the  [2  0  -/] 
diffraction  lines  in  XRD  of  the  monoclinic  LiA^Mn^Oi 
materials  may  arise  from  such  local  structural  differences 
around  atoms  occupying  the  same  crystallographic  site. 

XAFS  data  for  cycled  cathodes  show  significant 
modification  of  the  local  structure  on  the  first  charge, 
correlating  with  a  phase  change  from  monoclinic  to 
hexagonal  observed  by  powder  X-ray  diffraction.  Al- 
substituted  LiMn02  materials  are  known  to  undergo  a 
structural  transformation  with  cycling,  and  recent  electron 
microscopy  studies  have  shown  the  formation  of  small 
“ferroelastic”  domains  of  spinel  phase  [2].  However,  this 
process  appears  to  be  inhibited  for  materials  modified  by 
Cr.  The  changes  which  occur  with  removal  and 
reinsertion  of  Li  will  be  compared  with  data  recorded 
recently  for  Cr-substituted  spinel  LiCriMn2  i04  [3]. 

Complementary  structural  and  electronic  information  for 
the  Cr-substituted  materials  has  been  obtained  by  probing 


the  Li  local  environment  using  solid  state  6Li  magic  angle 
spinning  nuclear  magnetic  resonance  spectroscopy.  The 
6Li  NMR  spectra  show  a  strong  resonance  characteristic 
of  layered  LiMn02,  and  an  additional  resonance  related  to 
the  Cr  substitution  (Fig.  2).  Both  resonances  shift  to 
higher  frequency  as  the  amount  of  Cr  increases,  indicating 
that  the  substitution  perturbs  the  electronic  structure 
and/or  magnetic  interactions  of  the  Mn  ions. 

1.  B.  Ammundsen,  J.  Desilvestro,  T.  Groutso,  D.  Hassell,  J.B. 
Metson,  E.  Regan,  R.  Steiner  &  P.J.  Pickering,  Abstract 
138, 196lh  Meeting  of  the  Electrochemical  Society  (1999), 

2.  H.  Wang,  Y.-l.  Jang  &  Y.-M.  Chiang,  Electrochem.  Solid 
State  Lett.  2(1999)  490. 

3.  B.  Ammundsen,  D.  J.  Jones,  J.  Rozifere  &  F.  Villain,  J. 
Phys.  Chem.  B  102  (1998)  7939. 
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Fig.  1:  Fourier-transformed  XAFS  data  at  the  Cr  and  Mn  K- 
edges  for  layered  LiCr0.ioMno.9o02,  and  interatomic  distances 
(number  of  atoms  at  this  distance  in  parentheses)  determined 
from  analysis  of  the  XAFS  data. 


Fig.  2:  6Li  MAS  NMR  spectra  of  LiCro.mMno.90O2  and 
LiCro.03Mno.97O2  acquired  with  a  rotor-synchronized  chemical- 
shift  echo  sequence  (t  =  1  rotor  period)  with  spinning  speeds  of 
15  kHz.  The  isotropic  resonances  of  layered  phase  (L)  and 
orthorhombic  phase  (O)  are  marked.  *  denotes  spinning 
sidebands. 
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Introduction 

A  large  number  of  vanadium  compounds  have 
been  studied  in  a  search  for  new,  practicable  cathode 
materials  of  lithium  batteries,  especially  in  conjunction 
with  solid-polymer  electrolytes.  Brannerite-type 
LiMoV06  was  first  synthesized  by  Gary  et  al.  [1];  it  can 
be  depicted  as  a  “quasi-layered”  structure  with  a  capacity 
in  excess  of  250  mAh  g'1  between  1.5  and  3.8  V  in  a 
conventional  lithium  battery  system  [2,3].  In  this  study, 
rate  properties  of  the  LiMoVOg  cell  was  investigated 
using  a  liquid  electrolyte  cell. 

Experimental 

LiMoV06  was  prepared  by  solid  state  reaction  of 
a  stoichiometric  mixture  of  Li2C03,  M0O3  and  V205  at 
750-800  K.  Its  structure  was  determined  by  X-ray 
diffraction  and  Rietveld  refinement  using  RIETAN97(3 
software  [4].  A  liquid  electrolyte  cell  was  constructed 
from  Li  foil,  a  glass  fiber  separator  soaked  in  electrolyte 
solution  (1M  LiBF4;  EC: DEC  2:1)  and  a  cathode.  These 
components  were  sealed  into  a  plasticized  Al  “coffee- 
bag”.  The  cathode  mix  (80  wt%  LiMoVOe,  15  wt% 
carbon  black,  and  5  wt%  EPDM  rubber  dissolved  in 
cyclohexane)  was  coated  onto  an  Al  current-collector. 
The  solid-polymer  battery  was  assembled  by  stacking 
cathode,  polymer  electrolyte  (PEO-PEG),  and  Li  foil.  The 
cathode  mixture  (60  wt%  LiMoV06,  8  wt%  Ketjen  Black, 
8  wt%  LiN(CF3S02)2,  and  24  wt%  PEG)  was  coated  onto 
an  Al  current  collector.  Electrochemical  properties  were 
characterized  mainly  by  galvanostatic  discharge-charge 
testing  between  1.5  and  3.8  V.  Cycling  was  performed  at 
room  temperature,  40,  and  80  deg.C  for  the  liquid- 
electrolyte  cell.  The  solid-polymer  cell  was  cycled  at  65 
deg.C. 

Results  and  Discussion 

The  rate  dependence  of  the  discharge-charge 
curves  for  the  liquid-electrolyte  cell,  as  shown  in  Fig.l, 
would  suggest  poor  kinetics  for  Li  insertion  in  LiMoV06 
at  room  temperature.  Fig.  2  illustrates  the  correlation 
between  cell  temperature  and  discharge-charge  capacity 
for  a  current  density  fixed  at  47.7  pA  cm'2  (41.7  mA  g'1- 
LiMoV06).  These  results  clearly  indicate  that  discharge 
capacity  strongly  depends  on  temperature,  and  that  even  a 
small  increase  in  temperature  ( ca .  15  deg.C)  above  room 
temperature  improves  the  discharge  capacity  greatly.  At 
80  deg.C,  the  discharge  capacity  increases  to  310  mAh  g'1 
and  256  mAh  g'1,  respectively,  for  the  first  and  the  second 
cycles,  corresponding  to  the  insertion  of  2.9  and  2.4Li  per 
LiMoV06  unit. 


At  present,  solid-polymer  batteries  generally 
require  heating  to  enhance  the  Li-ion  conductivity  in  the 
electrolyte.  LiMoV06  would  seem  to  have  a  clear 
advantage  in  this  respect.  LiMoVOe  has  also  been 
evaluated  as  cathode  material  in  a  solid-polymer  battery. 
Preliminary  runs  show  a  capacity  of  ca.  265  mAh  g  1  for 
the  first  discharge  (at  20  mA  g'1)  at  65  deg.C.  Present 
cycling  properties  are  inadequate  for  practical  battery 
applications.  This  can  be  a  result  of  degradation  of  the 
cathode  composite  at  the  end  of  the  charge  due  to  the 
presence  of  carbon  black.  Further  optimization  of  the  cell 
components  and  electrode  composition  are  underway. 
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Fig.  1  Discharge-charge  curves  for  LiMoV06  (1-2 
cycle)  at  room  temperature  at  current  densities  (a)  9.5  pA 
cm'2  (8.3  mA  g'1)  and  (b)  47.7  pA  cm'2  (41.7  mA  g’1). 


Fig.  2  Discharge -charge  curves  for  LiMoV06  during 
the  second  cycle  for  current  density  47.7  pA  cm'2  (41.7 
mA  g'1)  at:  (a)  room  temperature;  (b)  40  deg.C;  and  (c)  80 
deg.C. 
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Lithium  manganese  spinels  are  usually 
discussed  in  the  triangle  composition  region  of  LiMn204- 
LuMnsOn-L^MiuOg.  Changes  in  the  Li/Mn  ratio  in 
Li|+xMn2.x04  leads  to  the  compositions  along  the  tie  line 
from  LiMn204  to  Li4Mn5012,  and  decreasing  the  heating 
temperature  from  900°C  varies  the  composition  from 
LiMn204  towards  L^MojOg.  Oxygen  vacancies  have  also 
been  reported  (1),  however,  the  structures  and  the  relation 
to  the  LiMn204-Li4Mn50i2-Li2Mn409  phase  diagram  are 
still  ambiguous.  In  the  present  study,  structures  of  the 
lithium  manganese  spinels  synthesized  at  various 
synthesis  conditions  and  Li/Mn  ratio  were  determined  by 
neutron  powder  diffraction  at  room  temperature  and  low 
temperatures. 

The  neutron  diffraction  data  were  taken  on  a 
TOF  diffractometer,  VEGA  and  SIRIUS,  at  the  KENS 
pulsed  spallation  neutron  sources  at  KEK.  The 
manganese  spinels  synthesized  in  this  study  were  divided 
into  four  categories,  oxygen  deficient  spinels,  lithium- 
substituted  spinels,  cation  deficient  spinels,  and  the  spinel 
close  to  the  stoichiometric  composition,  LiMn204. 

Oxygen  deficient  spinels  were  synthesized  at 
750  -  900°C  using  Mn203  and  Li2C03  as  starting 
materials.  The  ionic  distribution  of  the  spinels  with  a 
Li/Mn  ratio  of  0.5  were  determined  at  325K  to  be 
[Li,  WMnOocuAt-s  (0  <  5  <  0.18)  with  a  small  amount  of 
oxygen  vacancy  at  32e  site.  The  oxygen  vacancy 
decreased  as  the  synthesis  temperature  was  varied  from 
900  to  750°C.  The  oxygen  vacancy  increased  from 
0.132(12)  to  0.276(16)  after  the  spinel  was  treated  under 
an  evacuated  tube  using  Ti  metal. 

The  spinels  close  to  the  stoichiometric 
composition,  LiMn204,  were  obtained  from  the  starting 
materials,  MnOx  obtained  by  the  thermal  decomposition 
of  Mn(CH3COO)2  and  LiOH  H20.  The  samples  were 
heated  at  470°C  several  times  before  being  reacted  at 
750°C.  The  compositions  determined  by  neutron 
diffraction  measurements  were  close  to  the  stoichiometric 
compositions. 

Figure  1  shows  the  DSC  curves  of  the  oxygen 
deficient  spinel  A,  (5=0.132)  and  the  stoichiometric  spinel 
B  (5-0.0).  The  transitions  were  observed  around  300  and 
250K  for  the  sample  A  and  B,  respectively,  and  the  results 
are  consistent  with  those  reported  by  Sugiyama  et.  al  (1) 

Low-temperature  structures  of  the  oxygen 
deficient  spinel  with  6=0.132  and  a  Li/Mn  ratio  of  0.5 
were  determined  by  a  3a  x  3a  x  a  orthorhombic 
superlattice  structure^)  with  oxygen  vacancy  model. 
There  are  five  Mn  sites,  and  the  elongated  Jahn-Teller 
axis  of  the  trivalent  manganese  ions  Mnl(8f),  Mn4(16f), 


and  Mn5(16f)  ordered  along  the  z,  x,  and  y  direction, 
respectively,  and  the  elongated  axis  of  Mn5  increased 
with  decreasing  temperature  (Fig.  2).  The  increase  in  the 
Jahn-Teller  elongated  axis  of  Mn5  site  corresponds  to  the 
charge  ordering  process  accompanying  electron  transfer 
from  the  Mn3  to  Mn4  sites.  The  oxygen  vacancy  was 
ordered  at  one  of  nine  oxygen  sites. 

The  low  temperature  phase  of  the 
stoichiometric  spinel  has  also  an  orthorhombic  symmetry 
while  the  orthorhombic  distortion  is  smaller  than  the 
oxygen  vacancy  spinel.  The  relationship  between  the 
compositions,  structures,  phase  transitions,  and 
electrochemical  properties  will  be  discussed. 

REFERENCE 

1.  J.  Sugiyama,  T.  Atsumi,  A.  Koiwai,  T.  Sasaki,  T. 
Hioki,  S.  Noda,  and  N.  Kamegashira,  J. 
Phys.rCondens.  Matter,  9, 1729  (1979). 

2.  G.  Rousse,  C.  Masquelier,  J.  Rodriguez-Carvajal,  and 
M.  Hervieu,  Electrochem.  Solid-State  Lett.,  2,  6 
(1999). 


220  240  260  280  100  120  340 


T/  K 

Fig.  1  The  DSC  curves  of  LiMn204.g. 


77  K 

Fig.  2  Temperature  dependence  of  the  average  Mn-0 
bond  distances  of  five  Mn  sites  in  the  low-temperature 
orthorhombic  phase. 
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In  the  view  of  the  economic  and  environmental 
advantages,  there  is  no  question  that  spinel  LiIMn204 
will  be  used  as  a  cathode  material  for  lithium-ion 
batteries  instead  of  LiCo02  currently 
commercialized  if  the  problem  associated  with  the 
capacity  fading  on  cycling  and  storage  at  the 
elevated  temperature  would  be  solved.  We  have 
demonstrated  that  both  the  change  in  the  crystal 
structure  and  the  dissolution  of  Mn  into  the 
electrolyte  is  major  factors  responsible  for  the 
capacity  loss  at  the  elevated  temperature  [1]. 
Recently,  we  found  that  the  effects  of  both  factors 
(structural  change  and  Mn  dissolution)  on  capacity 
fading  are  critically  dependent  on  the  operating 
temperature.  We  reported  previously  that  capacity 
fading  during  cycling  of  the  spinel  electrode  at  room 
temperature  occurred  only  in  the  high-voltage  region 
and  it  was  caused  mainly  by  the  unstable  two-phase 
structure  co-existing  in  this  region  for  lithium  ion 
insertion/extraction  [2]. 

When  cell  was  operated  at  the  elevated  temperature, 
capacity  loss  occurs  in  both  regions. 

Fig.l  (a)  and  (b)  show  the  4th  and  50th 
charge/discharge  profile  of  stoichiometric  spinel  at  50° 
C  and  7(FC,  respectively.  The  capacity  loss  rate  in  the 
high  and  low  voltage  region  depends  on  its  operating 
temperature.  The  discharge  capacity  loss  were  found 
to  be  from  62  to  42  mAh/g  in  the  high  voltage  region 
and  from  66  to  52  mAh/g  in  low  one  at  50°C.  The 
capacity  retention  in  the  high  voltage  region  (65%)  is 
much  lower  than  that  of  low  voltage  region  (79%). 
When  cycled  at  70°C,  cell  lost  capacity  from  53  to  32 
mAh/g  in  the  high  voltage  region  and  from  62  to  37 
mAh/gin  a  low  voltage  region.  The  capacity  retentions 
in  both  voltage  regions  are  almost  the  same.  We 
thereby  speculate  that  the  unstable  two-phase  structure 
co-existing  for  lithium  ion  insertion/extraction 
dominate  the  capacity  fading  during  cycling  at  lower 
temperature,  while  Mn  dissolution  became  major 
factor  responsible  for  capacity  fading  at  70°C.  It  was 
confirmed  that  the  capacity  loss  of  stoichiometric 
spinel  occurs  mainly  in  high-voltage  region  even  at  the 
60°C. 

The  capacity  fading  due  to  cycling  or  due 
to  high  temperature  storage  in  the  electrolyte  would 
be  commonly  linked  to  Mn  dissolution. 


The  solubility  of  stoichiometric  spinel  soaked  in  our 
highly  purified  electrolyte  for  7days  were  found  to 
be  32.0,  60.7  and  592  ppM-Mn  at  50°C,  60°C  and 
70°C,  respectively. 

Fig.l  (c)  shows  the  typical  charge/ discharge 
curve  of  stoichiometric  spinel,  which  was  soaked  in 
EC/DMC(LiPF6)  electrolyte  for  2  weeks.  This 
profile  is  strongly  resembled  to  that  of  the  50th 
charge/discharge  curve  at  70°C. 

Our  tentative  conclusion  is  as  follows;  At  lower 
temperature  (less  Mn  dissolution),  the  capacity  loss 
mainly  occurs  in  the  unstable  two  phase  structure 
coexisting  (high  voltage  region).  At  high 
temperature,  the  capacity  loss  occurs  in  high  and  low 
voltage  region  both  because  of  the  spinel  structure 
destruction  due  to  the  strong  Mn  dissolution.  If  the 
electrolyte  were  not  so  purified  and  thus  Mn 
dissolution  is  high,  then  the  capacity  loss  due  to  Mn 
dissolution  would  be  dominant  even  at  50°C. 

Detailed  capacity  fading  mechanism  will  be 
discussed  in  the  conference. 


-150  -100  -50  0 


Capacity  /  mAh^"1  j 

Fig.  1 .  Typical  charge/discharge  profiles  of 
stoichiometric  spinel,  (a)  Cycling  at  50°C  and  (B)  at 
70°C.  (c)  First  room  temperature  charge/discharge 
profile  of  LiMn204/Li  cell  after  LiMn204  was 
soaked  in  a  EC/DMC(1:2)  electrolyte  (LiPF6)  for  2 
weeks. 
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Introduction 

Presently,  much  interest  has  been  focused  on  applying 
lithium  ion  batteries  for  the  electricity  of  power  storage 
systems  and  hybrid  electric  vehicles  (HEV)  because  of 
their  high  gravimetric  and  volumetric  energy  density.  In 
these  applications,  lithium  manganese  oxide  spinel 
compound  (Lii+xMn2-X04,  Li  i +xM  yM  ^-x-y^  M  - 
transition  metal,  etc.)  is  the  most  promising  alternatives  as 
the  cathode  for  lithium  ion  batteries,  because  of  its  low 
cost,  less  toxicity  and  material  safety  in  the  charge-state. 
One  of  the  important  problems  for  commercial  use  of  it  is 
the  capacity  failure  at  elevated  temperature  (1,2,3).  In 
this  work,  we  prepared  the  stored  and  cycled  Lii+xMn2- 
x04  at  elevated  temperature  and  examined  their  character 
change  by  XRD  and  chemical  analysis  to  clarify  the 
origin  of  the  capacity  failure. 

Experimental 

Lij+xMn2.x04  samples  were  prepared  by  calcining  a 
mixture  of  electrolytic  manganese  dioxide  (EMD)  and 
Li2C03.  The  prepared  samples  were  characterized  by 
XRD  and  chemical  analysis.  The  XRD  data  were 
analyzed  using  RETAN94  of  the  Rietvelt  program  (4). 
The  stored  samples  were  prepared  by  soaking  Lii+xMn2- 
x04  in  electrolyte  solution  and  keeping  for  4  days  at  50°C 
or  85°C.  The  charge-discharge  tests  were  carried  out  at 
constant  current  (0.4mA*cm'2)  between  3.5V  and  4.5V  at 
room  temperature  (RT)  or  50°C.  The  cathodes  were 
consisted  of  25mg  of  Li1+xMn2-x04  and  12.5mg  of 
teflonized  acetylene  black.  The  CR2032  type  coin  cells 
were  constructed  using  the  cathode,  lithium  metal  as 
anode  and  1M  LiPF6  EC-DMC(1:2  by  volume)  as 
electrolyte  solution. 

Results  and  Discussion 

Figure  1  shows  SEM  images  of  the  original  and  the 
stored  Li1.06Mn1.94O4.  The  surface  morphology  changed 
by  the  storage  treatment  at  85°C.  From  the  result  of 
chemical  analysis  of  the  filtered  solution,  Mn  was 
detected.  Figure  2  shows  the  cycle  performance  of  the 
original  Lij  ^Mni  94O4  at  RT  and  50°C.  Additionally,  the 
cycling  test  results  at  50°C  of  the  stored  samples  was 
plotted.  These  samples  exhibited  the  different 
performance  for  the  capacity  and  the  capacity  failure  on 
cycling.  In  order  to  understand  the  difference  of  the  cycle 
performance,  the  analysis  of  crystal  structure  has  been 
done.  The  results  of  XRD  data  analysis  were  summarized 
in  Table  I.  It  was  found  that  the  capacity  failure  increased 
with  increase  8a  site  Mn  occupancy  in  the  original 
samples.  It  was  suggested  that  Mn  atom  gradually 
migrated  from  16d  site  to  8a  site  during  the  charge- 
discharge  cycling  at  elevated  temperature.  From  above 
results,  we  think  that  the  capacity  failure  consists  of  two 
processes.  One  is  the  chemical  change  of  surface 
condition  with  Mn  dissolution  bringing  to  large  capacity 
failure.  And  another  is  the  site  occupancy  change  during 
charge-discharge  cycling  with  Mn  atom  migration  in  the 


crystal  structure  bringing  to  gradually  capacity  reduction. 
In  the  viewpoint  of  the  crystal  structure  and  chemical 
composition,  the  effect  of  the  characters  on  the  capacity 
failure  will  be  discussed. 
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Fig.l.  SEM  images  of  (a)  the  original  Lp.06Mn1.94O4  and 
(b)  after  the  stored  Lp.oeMni  94O4  at  85°C. 


Cycle  number  /  - 

Fig.2.  Cycle  performance  of  (a)  the  original 
Li1.06Mn1.94O4  at  RT,  (b)  at  50°C  and  (c)  at  50CC  after 
stored  sample  at  85°C.  The  cells  were  cycled  4.5  and 
3.5V  at  0.4mA*cm'2  using  lithium  metal  as  anode  and  1M 
LiPF6  EC-DMC(1:2  by  volume)  as  electrolyte  solution. 


Table  I.  XRD  data  analysis  of  Li1.06Mn1.94O4,  after 
cycling  test  at  RT  and  50°C,  and  after  stored  at  85°C. 

8a  site  occupancy,  g  Rwp 


Sample  _ (jJ _  (%) 


8aLi 

8aMn 

original  (Lii.06Mn1.94O4) 

1.00 

- 

8.70 

after  cycling  at  RT 

0.99 

0.01 

after  cycling  at  50°C 

0.93 

0.07 

7.93 

after  stored  at  85  °C 

1.00 

- 

11.54 

Calculation  was  made  by  assuming  a  space  group  Fd3m, 
8a  site;  Li+Mn=1.0,  16d  site;  Li+Mn=1.0  and  32e  site; 
0=1.0. 
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The  structural  and  electrochemical  properties  of 
different  lithiated  a-Mn02  have  been  studied  for  use 
as  positive  materials  in  3  V  rechargeable  lithium  cells. 
It  is  observed,  that  stabilizing  foreign  phases  and  the 
water  content  of  the  samples  influences  the  obtained 
discharge  capacities  as  well  as  the  cycling 
performance. 

X-ray  diffraction  studies  show,  that  either  a 
Li20»Mn02  phase  or  a  Ramsdellite-Mn02  phase 
stabilize  the  a-Mn02  structure  of  these  materials  and 
provide  better  rechargeability. 

Furthermore  the  presentation  will  discuss  the 
relationsship  between  the  cycling  behavior  and  the 
water  content,  measured  by  thermogravimetric 
analysis,  within  the  large  [2*2]  channels  of  the  a- 
Mn02  structure.  With  the  Li20*Mn02  stabilized  a- 
LixMn02,  the  water  can  be  replaced  by  Li20  and 
stabilize  the  framework  structure.  It  was  found,  that 
lower  water  content  leads  to  excellent  cycling 
behavior  over  several  hundreds  of  cycles. 
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The  possibility  of  chemical  and  electrochemical  reactions 
between  a  positive  electrode  and  an  electrolyte  solution  in 
rechargeable  lithium  batteries  has  been  reported  in  a  few 
reports  .  However  the  film  formation  on  the  positive 
electrodes  has  not  been  presented.  At  the  present  work, 
MALDI-MS  spectroscopic  analysis  (Matrix  Assisted  Laser 
Desorption  Ionization  -  Mass  Spectrometry)  was  introduced 
to  clarify  the  change  of  materials  on  LiMn204  electrode 
during  the  charge- discharge  cycling. 

Electrolyte  solutions  were  lmol/L  LiPF/  EC  (ethylene 
carbonate)-  DMC  (dimethyl  carbonate)  (1:1  vol)  and 
lmol/L  LiPF6/  EC  (ethylene  carbonate)-  DEC  (diethyl 
carbonate)  (1:1  vol).  A  test  cell  was  two  electrodes  cell  and 
a  working  electrode  was  a  tablet  (diameter  1 2mm)  of 
mixture  of  LiMn204  (25mg)  and  carbon  powder  -  PVDF 
composite  (25mg).  A  counter  electrode  was  a  lithium 
electrode  with  large  surface  area.  The  current  density  of  the 
cycling  was  0.4  mA/cm2  and  the  potential  range  was 
between  3.5  and  4.3V.  MALDI-MS  measurement  was 
applied  to  the  positives  or  the  thin  layer  chromatoghically 
separated  materials  form  the  positive  electrode. 

The  MALDI-MS  measurement  showed  some  peaks 
between  100  and  620  Mass  (m/z)  on  the  spectrogram  of  the 
charge-discharge  cycled  positives  in  EC-DMC  containing 
lmol/L  LiPFs.  These  results  would  suggest  that  the 
reactions  which  included  polymerization  among  the  lithium 
salts,  solvents  and  electrode  proceeded  on  the  positive 
electrode  surface  and  the  reaction  products  existed  on  the 
electrode.  However  the  peaks  on  the  spectrogram  of  the 
cycled  positives  in  EC-DEC  containing  lmol/L  LiPF4  were 
scarcely  observed. 
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1.  INTRODUCTION 

Lithium  nickel  oxide  (LiNi02)  is  one  of  the  most  promising 
positive  materials  for  lithium  ion  batteries  because  of  its 
high  capacity  and  low  cost.  However,  the  material  shows 
rather  poorer  cycle  performance,  lower  first  cycle  charge- 
discharge  efficiency  and  thermally  less  stable  behavior  than 
that  of  LiCo02.1) 

We  have  improved  the  cycle  performance  and  first  cycle 
charge-discharge  efficiency  of  LiNi02  by  substituting  for  Ni 
with  Co  and  have  found  that  the  suitable  content  of  Co  in 
LiNi02  was  around  30-15%.  For  example,  the  material 
LiNi0.8iCo0.19O2  (19%  of  Ni  was  substituted  with  Co) 
showed  185mAh/g  as  the  initial  capacity  and  90%  as  the 
first  cycle  efficiency  (140mAh/g,  95%  for  LiCoOz  and 
200mAh,  85%  for  LiNi02).  We  have  fabricated  cylindrical 
cells  with  this  material  as  positive  electrodes  and  showed 
that  they  had  about  20%  higher  capacity  and  the  same 
degree  of  safety  in  overcharge  tests  as  compared  to  the  cells 
with  LiCo02  as  positive  electrodes2*. 

However,  at  the  same  time  we  found  that  the  safety 
concerning  nail-penetrating  tests  was  not  ensured  with  those 
cells,  because  in  this  case  the  cell  temperature  should  reach 
very  quickly  to  the  decomposition  temperature  of  the 
positive  materials  used  in  those  cells. 

Therefore,  we  have  tried  to  improve  the  thermal 
decomposition  behavior  of  Co  substituted  Ni  oxide  cathode 
materials  by  additional  substitution  for  Ni  with  Aluminum 
(Al). 

2.  EXPERIMENTAL 

The  positive  materials  prepared  were  LiNi].o.2.xCo0.2Alx02, 
which  were  typically  synthesized  with  a  heat-treatment  at 
700°C  under  oxygen  atmosphere  with  hydroxides 
containing  Ni,  Co  and  Al  in  the  designed  molar  contents. 
These  hydroxides  were  fabricated  with  co-precipitation 
method  by  adding  NaOH  solution  into  Ni,  Co  and  Al 
sulfuric  salt  containing  solutions. 

The  materials  were  mixed  with  acetylene  black  (AB)  and 
binders  (PTFE  or  PVdF)  and  kneaded  with  an  NMP  as 
pasting  solutions  to  make  compounds.  Each  compound  was 
coated  on  an  aluminum  foil  and  dried  and  pressed  to 
compose  a  sheet  for  positive  electrode. 

A  part  of  electrode  thus  fabricated  was  put  in  a  half-cell 
containing  electrolyte  of  EC/MEC  (1:2)  with  lM-LiPF6  and 
charged  in  CCCV  to  4.4V  vs.  Li  reference  electrode.  Then, 
the  electrode  was  disassembled  and  washed  with  MEC  and 
dried.  The  sample  thus  obtained  was  analyzed  with  a  DSC. 
The  coated  sheets  were  assembled  as  positive  electrodes  of 
18650  type  cylindrical  cells.  The  carbon  material  of 
negative  electrodes  used  was  graphite  MCF  (mesophase 
pitch-based  carbon  fiber).  Separators  used  were 
polyethylene  with  25-micron  thickness.  The  electrolytes 
were  the  same  as  used  in  the  half-cells. 

3.  RESULTS  and  DISCUSSION 

Figure  1  shows  the  thermal  behaviors  of  the  Al  added  Co¬ 
substituted  Ni  oxide  materials,  which  were  charged  until 
4.4V  vs.  Li  reference  electrode.  We  can  see  that  the  peak 
temperature  of  thermal  decomposition  was  increased  from 
220  °C  at  x=0  to  250°C  at  x-0.107. 

Figure  2  shows  the  temperature  changes  at  nail-penetrating 
test  of  the  18650  cells  with  LiNi0.8oCo0.2o02  and 
LiNio  7nCoo.2oAlo.o8302  positive  electrodes.  The  capacities  of 
the  cells  were  1700  and  1600  mAh,  respectively.  Before 
conducting  the  tests,  the  cells  were  charged  in  condition  of 
CCCV  until  4.2V  at  0.3C  rate.  The  cell  with 
LiNi0.7i7Coo.2oAlo.o8302  positive  electrode  showed  only 
electrolyte  leakage  and  temperature  rise  was  suppressed 
under  100°C  by  this  test,  while  cell  with  LiNio.BiCoo.19O2 
positive  electrode  reached  over  300°C  and  caught  fire. 


Therefore,  it  is  clear  that  Al  addition  to  Co-substituted  Ni 
oxide  materials  is  effective  in  raising  the  thermal 
decomposition  temperature  of  the  material  and  it  contributes 
to  the  improvement  of  cell  safety  in  the  nail-penetrating 
tests. 
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Fig.l  DSC  curves  of  LiNi1.o.2-xCoo.2Alx02 

Fig.2  Nail-penetrating  test  results  of  the  cells  with 
LiNii.o.2.xCo0.2Alx02  positive  electrodes 
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Fey’s  paper  on  LiNiV04  [1]  prompted  the  discovery 
of  several  high-voltage  cathodes.  However,  they  consist 
only  of  normal  spinel  and  inverse  spinel  structure  oxides 
and  the  their  reported  capacities  over  4.5  V  vs.  Li/Li+  are 
less  than  100  mAh/g. 

We  anticipated  that  ordered  olivine  LiMP04  would  be 
a  new  high-voltage  cathode  candidate  with  superior 
capacity.  The  analogies  and  differences  among  their 
structures  are  summarized  in  Table  1.  They  can  all  be 
represented  by  the  same  formula  LiMM’04  in  which  half 
the  octahedral  sites  and  one-eighth  of  the  tetrahedral  sites 
arc  occupied  by  cations.  Unlike  the  normal  spinel  and 
inverse  spinel  structures  with  a  cubic  closed  packed  (ccp) 
oxygen  framework,  ordered  olivine  has  a  hexagonal 
closed-packed  (hep)  oxygen  array.  In  contrast,  inverse 
spinel  and  olivine  structure  both  have  octahedral  Li  sites 
in  their  matrix. 

In  inverse  spinel  LiMV04,  Li  and  M  randomly  occupy 
the  16d  octahedral  site.  M  ions  at  the  16d  site  disturb  Li 
conduction  through  the  16d  —  8b  —  16d  path  in  an  inverse 
spinel,  while  there  is  no  obstacle  cation  except  Li  itself  on 
the  16c  -  8a  -  16c  diffusion  path  in  a  normal  spinel. 

However,  in  olivine,  two  types  of  octahedral  site  are 
crystallographically  distinct  and  differ  in  size.  The 
ordered  olivine  has  orthorhombic  symmetry  with  alternate 
a-c  planes  of  Li  and  M  occupying  the  octahedral  sites, 
which  makes  the  two  dimensional  Li  diffusion  paths 
possible  between  the  hep  oxygen  layers. 

All  four  types  of  phospho-olivine  LiMP04  (M:  Co, 
Ni.  Mn  and  Fe)  that  we  obtained  using  the  solid  state 
reaction  technique  were  indexed  as  orthorhombic  in  the 
space  group  Pmnb. 

Of  these  investigated  olivine  cathodes,  LiCoP04 
exhibited  the  highest  4.8  V  discharge  plateau  of  100 
mAh/g  vs.  Li/Li+  after  initial  charging  to  5.1  V  and  its 
energy  density  was  comparable  to  that  of  LiCo02  (120 
mAh/g  x  4  V  =  480  mWh/g)  as  shown  in  Fig.  1 . 

During  charging  to  5.1  V,  there  were  no  other  phases 
except  Pmnb  and  the  lattice  constants  a  and  b  decreased, 
while  c  increased  (Fig.2).  This  behavior  is  in  good 
agreement  with  that  of  LiFeP04  during  chemical 
delithiation  [5].  The  cell  volume  change  ratio  (AV/V)  of 
LiCoP04  during  the  charging  process  was  less  than  -5  %. 

In  contrast,  LiNiP04  and  LiMnP04  did  not  show  any 
voltage  plateaus  in  their  discharge  profile  even  after 
initial  charging  to  5.2  V.  In  addition,  we  could  not  detect 
any  reduction  peaks  in  cyclic  voltammogram  of  LiNiP04 
between  3  and  5.5  V. 

As  shown  in  Fig. 3,  the  rate  capability  of  LiCoP04 
seems  to  be  better  than  that  of  LiFeP04.  However,  there  is 
considerable  room  for  improvement  up  to  the  theoretical 
upper  limit  of  about  167  mAh/g  for  I  Li  per  LiCoP04. 
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Table  1.  Typical  High-voltage  Cathodes  over  4.5  V. 
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Fig.  1  First  discharge  profiles  of  Co-based  high-voltage 


cathodes. 


Fig.  2  Lattice  behavior  of  LiCoP04  on  the  1“  charge- 
discharge  cycle  between  3.5  V  and  5.1  V. 

Fig.  3  Rate  capability  of  LiCoPQ4  and  LiFeP04. 
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Transition  metal  oxides  have  been  evaluated  extensively 
in  the  past  as  cathode  materials  for  lithium-ion  cells. 
Lithium-Ion  technology  makes  use  of  insertion 
compounds  at  both  the  anode  and  cathode  of 
electrochemical  cells.  Candidate  materials  extensively 
investigated  for  positive  electrodes  include  LiCo02, 
LiNiOa,  LiNixCox02,  spinel  LiMn204,  etc.  In  view  of 
several  environmental  factors  and  also  in  the  perspective 
of  high  yield  in  terms  of  capacity/high  voltage,  newer 
materials  are  being  introduced  recently  [1,2].  We  report 
here  yet  another  new  material,  brannerite  -LiVWOg,  as 
cathode-active  materials  for  4-volt  class  category.  We 
have  synthesized  this  material  using  our  proprietary 
technique  recently  announced  [1].  We  also  report  here 
the  preliminary  structural  and  electrochemical  properties 
of  the  above  material,  LiVW06  in  a  lithium-containing 
cells  under  flooded  electrolyte  environment.  This 
material  behaves  similar  to  its  analogous  materials, 
LiVMo06  reported  by  us  recently  [2]. 

LiVW06  crystallizes  in  brannerite  structure  of 
AB206  type  [3,4],  having  a  general  formula  LiM’2  06  (M 
=  transition  metals)  with  lattice  parameters  a  =  9.3470  ,  b 
=  3.670  0,  c=6.593  □,  p  =  1 1 1°50’  [4].  Owing  to  its 
structural  characteristics  (Fig.l) ,  it  is  predicted  that  this 
material  could  possibly  be  used  as  a  high  voltage 
intercalation  material  for  Li-Ion  battery  applications.  This 
papers  presents  our  success  in  synthesizing  this  new 
material  through  a  low  temperature  soft-combustion 
technique  and  its  redox  behaviour  was  investigated  in 
lithium-containing  electrochemical  test  cells. 

LiVW06  was  synthesized  following  the 
procedure  described  for  LiVMo06  [2].  For  tungstate 
counterpart,  ammonium  tungstate  was  used.  Figure  2 
illustrates  the  submicronic  nature  of  grains 
synthesized/annealed  (560°C/1  hr)  product  of  LiVWOg 
.Figure  3  presents  the  galvanostatic  first  charge/discharge 
curve  of  the  product  against  lithium  counter  electrode. 

The  details  will  be  presented. 
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Fig.l:  Structure  of  LiVWOe  projected  in  the 
(010)  Diane 


Fig.2:  Typical  SEM  micrograph  of  LiVW06 
sysnthesised  powder  showing  the 
submicrometer  grains  . 


Fig.3:  Typical  first  charge/discharge  galvanostatic 
curve  of  Li/Li  VW06 
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ABSTRACT 

Although  LiCo02  is  extremely  well  suited  for  use  in 
cathodes  of  lithium  ion  batteries,  the  high  cost  of 
batteries  based  on  LiCo02  precludes  their  use  in  large 
scale  or  modestly  priced  applications.  Cathodes  based 
on  LiMn204  provide  a  lower  cost  alternative,  but 
suffer  from  lesser  capacity  and  difficulties  with 
capacity  retention  at  elevated  temperatures.  Cathodes 
made  from  LiNi02  alone,  or  as  a  solid  solution  with 
LiCo02,  have  attractive  capacities  but  concerns  about 
their  safety  persist.  Consequently,  there  is  still  a  need 
for  improved  cathode  materials. 

The  ideal  cathode  material  will  combine  low  cost 
with  the  desirable  performance  characteristics  of  high 
capacity,  good  rate  capabilities  and  long  cycle  life. 
Recently,  we  have  developed  a  series  of  improved 
cathode  materials  that  show  considerable  promise  at 
meeting  at  least  the  first  of  these  requirements. 
Details  of  the  electrochemical  performance  of  these 
materials  will  be  presented  in  this  paper. 

For  the  initial  characterization  the  materials  were 
evaluated  in  2325  size  coin  cells  with  metallic 
lithium  anodes  and  LiPF6  electrolyte.  The  cells  were 
cycled  between  voltage  limits  of  2.5  and  4.5  volts  at 
current  densities  ranging  from  3.6  to  28.8  mA/g. 
The  discharge  voltage  profiles  for  the  first  discharge 
of  cells  tested  at  the  various  rates  are  shown  in 
figure  1 .  The  average  output  voltage  falls  between 
3.4  to  3.5  volts.  In  the  preliminary  evaluation,  the 
specific  capacities  were  quite  rate  dependent  varying 
with  the  rate  from  160  to  220  mAh/g.  The  capacity 
retention  over  the  first  50  cycles,  shown  in  figure  2, 
was  quite  good  over  the  range  of  current  densities. 
The  stability  of  the  discharge  voltage  profiles  over 
the  first  45  cycles  is  illustrated  in  figure  3  for  the  cell 
cycled  at  30  mA/g. 

The  newly  developed  cathode  materials  show  quite 
encouraging  reversibility  and  specific  capacities,  but 
further  improvement  in  their  higher  rate  performance 
is  required. 


Fig.l  Voltage  discharge  profiles  of  new  cathode  material 
for  the  first  cycle  at  3.6,  4.8, 7.2,  14.4  and  28.8  mA/g 


Fig.  2  Capacity  retention  plots  of  lithium  half-cells 
with  improved  cathodes  at  indicated  current  densities. 


Fig-3  Evolution  of  the  discharge  voltage  profile  over 
45  cycles  for  a  lithium  half-cell  cycled  between  2.5-4.5V 
at  30  mA/g. 
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Hydrothermal  crystallization  (metal  oxide  formation  from 
metal  salt  solution)  is  typically  used  at  temperatures  ranging 
form  373  to  474  K.  We  are  developing  a  new  process  of 
hydrothermal  crystallization  method  that  uses  supercritical 
conditions[l-7].  The  supercritical  state  allows  one  to  vary 
reaction  rate  and  reaction  equilibrium  by  shifting  the  dielectric 
constant  and  solvent  density  with  pressure  and  temperature.  In 
a  series  of  fundamental  studies,  the  specific  features  of  this 
method  were  found  to  be  as  follows:  ultrafine  particles  could  be 
produced,  morphology  of  the  produced  particles  could  be 
controlled  by  a  little  change  of  pressure  and/or  temperature,  and 
reducing  or  oxidizing  atmosphere  could  be  controlled  by 
introducing  gases  (02,  H2  etc.)[l]. 

Recently,  we  applied  this  method  for  the  continuous 
production  of  highly  functional  materials  including  barium 
hexaferrite  magnetic  particles  and  YAG/Tb  phosphor  fine 
particles,  LiCo02.  In  this  paper,  some  typical  results  were 
demonstrated  to  show  the  key  features  of  our  proposed  method. 
Especially,  for  the  production  of  LiCo02  fine  particles  for  a 
cathode  material  of  rechargeable  lithium  ion  batteries,  details  of 
the  experimental  results  were  explained.  For  a  high 
electrochemical  performance,  smaller  particle  size  is  required 
for  LiCo02.  However,  it  is  difficult  to  reduce  the  particle  size 
down  to  a  sub-micron  order  by  conventional  solid  state  reactions 
followed  by  commination  steps.  For  liquid  phase  synthesis 
methods,  where  Co2+  ion  is  a  starting  species,  the  oxidation 
conditions  for  Co2+  does  not  always  match  that  required  for  the 
crystallization  atmosphere.  By  using  the  supercritical 
hydrothermal  synthesis  method,  we  thought,  ultrafine  particles 
could  be  produced  and  the  effective  oxidation  of  Co2+  with  02 
could  take  place  since  a  homogeneous  reaction  atmosphere  is 
formed  between  02  and  aqueous  solutions  under  supercritical 
conditions.  Thus  the  latter  part  of  this  paper  is  to  provide  a  few 
examples  regarding  new  applications  for  producing  double 
oxides. 

LiOHand  Co(N03)2were  used  as  starting  materials.  Feed 
aqueous  solutions  were  prepared  by  dissolving  each  metal  salt 
into  distilled  water.  Aqueous  KOH  solution  was  used  for 
adjusting  a  pH  of  solutions. 

The  schematic  diagram  for  the  experimental  apparatus  is 
shown  in  Figure  1 .  For  oxidizing  Co2+  in  the  reaction 
atmosphere,  02  was  introduced  into  the  reactor  after 
decomposing  aqueous  H202  solution.  Aqueous  Co(N03)2 
solution  (0.02M)  was  first  mixed  with  aqueous  LiOH  solution 
(0.4M)  at  a  mixing  point,  MP1.  The  mixed  solution  of  LiOH  and 
Co(N03>2  was  contacted  with  a  supercritical  water-oxygen 
mixture  fed  from  another  line  at  a  mixing  point,  MP2.  At  this 
mixing  point,  solutions  were  rapidly  heated  up  to  the  reaction 
temperature  (573,  623,  or  673  K)  and  hydrothermal  reaction 
occurred.  The  solution  with  formed  particles  were  decompressed 
by  a  back-  pressure  regulator  after  the  cooling.  Particles 
recovered  were  washed  several  times  with  distilled  water  and 
then  dried  in  an  oven  at  333K  for  24  hours. 

Crystal  structure  of  products  was  identified  by  a  powder  X-ray 
diffraction  method  (XRD). 

Table  I  summarizes  experimental  conditions  and  results.  It 
was  found  that  LiCo02  were  synthesized  under  a  higher  pH  and 
a  higher  Li/Co  molar  ratios.  .Figure  2  shows  XRD  patterns  for 
the  particles  of  run  3.  This  figure  indicates  that  LiCo02  particles 
were  produced  in  a  single  phase  at  673K,  30MPa.  However,  at 
573K(runl)  or  at  623K(run2),  Co304  was  produced.  Thus,  at 
supercritical  conditions,  more  effective  oxidation  of  Co2+  took 
place  than  at  573  K.  or  623 K.  One  reason  why  the  oxidation 
atmosphere  at  673K  is  effective  is  probably  due  to  the  formation 
of  the  homogeneous  reaction  atmosphere  of  the  solution  and 
oxygen  gas. 

The  electrochemical  characterization  was  performed  by  a 
constant  current  discharge  and  charge  test.  The  small  decrease 
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Figure  1 .  Experimental  Apparatus 


Table  I.  Experimental  conditions  and  products. 
([Co(N03)3l  =  0.02M,  Pressure  ~  30MPa) 


Run 

No. 

LiOH 

M 

KOH 

M 

Temp. 

K 

Products* 

1 

0.40 

0 

573 

C03O4 

2 

0.40 

0 

623 

C03O4 

3 

0.40 

0 

673 

UC0O2 

4 

0.10 

0 

673 

C03O4 

5 

0.15 

0 

673 

C03O4  (UC0O2) 

6 

0.20 

0 

673 

Co304(UCo02) 

7 

0.40 

0 

673 

UC0O2 

8 

1.0 

0 

673 

LiCoOj 

9 

0.20 

0.8 

673 

UC0O2,  (C03O4) 

10 

0.40 

0.6 

673 

UC0O2.  C03O4 

*  :  Bracketed  species  indicate  minor  product 


Figure  2.  XRD  profiles  of  particles  obtained.  (•:  UC0O2;  :  C03O4) 
in  the  discharge  capacity  suggests  high  stability  of  LiCo02 
prepared  by  this  method. 
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Introduction 

Li,M03  (Af=Ru,Ir,Pt,Mo)  have  a  cubic  close-packed 
oxide-ion  lattice  with  basal  planes  of  octahedral 
interstices  filled  alternately  by  Li*  only  and  by  l/3Li\ 
2/3Af*\  The  layered  Li  sites  which  are  nearly  identical  to 
the  a-NaFeOj  structure  might  allow  reversible 
electrochemical  extraction  with  fast  electrode  kinetics 
(1,2).  Of  these  compounds,  the  Li/Li2Ru03  cell  showed 
good  reversibility  with  the  cycle  capacity  of  160  mAh/g 
(3).  We  reported  the  structural  studies  of  systematic 
substitution  of  Fe  for  Ru  in  Li2Ru03  and  clarified  that  this 
substitution  caused  structural  change  from  monoclinic  to 
rhombohedral  symmetry  (4).  However,  the  mechanism  of 
delithiation  from  Fe-doped  Li2Ru03  was  not  clarified.  In 
this  study,  Fe-doped  Li2Ir03  that  was  substituted  by  Fe  for 
Ir  in  Li,irO,  was  synthesized  and  characterized  by  X-ray 
Rietveld  analysis.  Their  electrochemical  properties  were 
investigated  and  delithiation  mechanism  was  discussed. 
Further,  Co-  and  Ni-doped  Li2Ir03  was  synthesized  and 
their  crystal  structure,  electrochemical  properties,  and 
delithiation  mechanism  were  also  investigated. 

Experimental 

LijIr05M0}O3  (A/=Fc,Co,Ni)  (Nominal  composition) 
was  synthesized  from  appropriate  molar  ratios  of  Li2C03, 
Fe304,  Co304,  NiO,  and  Ir02  at  1223-1373  K  for  24-96  h 
in  air.  Samples  obtained  were  characterized  by  XRD, 
magnetic,  and  57Fe  Mossbauer  measurements.  Crystal 
structure  was  determined  by  X-ray  Rietveld  analysis. 
Electrochemical  tests  were  carried  out  with  a  coin-type 
configuration.  The  electrolyte  used  was  1M  LiCI04  and 
1M  LiPF6  in  EC:DMC(1:1). 

Results  and  discussion 

Single  phase  Li2Ir0SFe05O3  (Nominal  composition) 
was  synthesized  at  1348  K  for  48  h  in  air.  The  valence 
state  of  Fe  and  Ir  was  confirmed  to  be  3+  and  4+, 
respectively,  by  37Fe  Mossbauer  spectra  and  magnetic 
susceptibility  measurement  and  the  ratio  of  Li:Fe:Ir  was 
determined  to  be  3:1 :1  by  ICP  emission  spectrometry.  X- 
ray  Rietveld  analysis  clarified  that  LiIgIr06Fe06O3  had 
layered  structure  with  the  a-NaFe02-type  and  could  be 
represented  as  [Li]3l[Li02Ir04Fe04]3hOI  (Fig.l).  The  lattice 
parameters  refined  were  a  =  2.96749(5)  and  c  - 
14.4970(3)  A.  Li1g.„Ir04Fe06O3  was  electrochemically 
synthesized  using  coin-type  cell.  Lithium  deintercalation 
from  Li18Ir06Fe06O,  proceeded  from  ;t=0  to  1.36  with  a 
single-phasic  reaction  from  1st  charge  quasi-OCV  curves, 
while  XRD  patterns  of  delithiated  samples  basically 
remained  layered  structure  but  showed  weak  shoulder 
around  101  peak.  The  Li/Li,  gIr06Fe06O3  cell  showed 
reversible  charge-discharge  characteristics  in  the  voltage 


range,  2.0-4.4  V  and  the  discharge  capacity  of  about  90 
mAh/g  (Fig.  2). 

Single  phase  Li2Ir0JCoMO3  (Nominal  composition) 
was  synthesized  at  1273  K  for  72  h  in  air.  The  ratio  of 
Li:Co:Ir  was  determined  to  be  3:1:1  by  ICP  emission 
spectrometry.  X-ray  Rietveld  analysis  clarified  that 
LiuIr0«Co06O3  had  layered  structure  with  the  a-NaFe02- 
type  and  the  lattice  parameters  refined  were  a  = 
2.91160(7)  and  c  =  14.2807(4)  A.  The  Li/Li, gIr0<Co06O3 
cell  showed  reversible  charge-discharge  characteristics  in 
the  voltage  range  of  2.5-4. 3  V  and  the  capacity  of  about 
120  mAh/g  at  10  cycles. 

According  to  Ni-doped  samples,  it  will  be  reported. 
In  addition,  the  delithiation  mechanism  of  these  materials 
will  be  discussed  in  detail. 
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Fig.2  Charge  and  discharge  curves  of  Li/Li ,  gIr0  6Fe0  603 
cell,  "lc"  and  "Id"  mean  the  charge  and  discharge  curves 
at  1st  mn,  respectively. 
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The  Lii.z(Nii.yMgy)i+zC>2.system:  structural 
modifications  observed  upon  cycling. 


of  the  cycling  properties  observed  for  the  magnesium 
substituted  positive  electrode  materials. 
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New  Lii.z(Nii_yMgy)1+z02  (0  <  y  <  0.20)  layered  oxides 
were  synthesized  by  a  co-precipitation  method  in  aqueous 
solution  followed  by  a  high  temperature  thermal 
treatment.  Rietveld  refinements  of  the  X-ray  diffraction 
patterns  showed  that  for  small  amounts  of  substitution 
(y  <  0.10),  these  compounds  exhibit  a  quasi-2D  structure, 
isostructural  to  LiNi02:  only  2  %  extra-ions  (Mg2+  and/or 
Ni2+)  are  present  in  the  lithium  sites  (Figure  1).  For  the 
largest  amounts  of  substitution,  a  significant  lithium 
deficiency  is  observed.  The  charge  compensation  required 
due  to  lithium  deficiency  is  preferentially  associated  with 
the  presence  of  Mg2+  ions  in  the  lithium  sites. 

The  electrochemical  study  of  the  Li//Lix(Ni].yMgy)i+202 
systems  showed  a  very  good  reversible  behavior  upon 
cycling  (Figure  2).  In  fact,  since  the  Mg2+  ions  cannot  be 
oxidized  and  have  a  size  very  similar  to  the  Li+  one,  their 
presence  in  the  interslab  space  prevents  the  local  collapse 
of  the  structure  which  occurs  for  the  Lii.zNii+z02  system 
and,  therefore,  improves  the  cycling  stability. 
Nevertheless,  even  for  the  quasi-2D  materials,  a 
significant  irreversible  capacity  is  surprisingly  observed  at 
the  end  of  the  first  discharge.  A  large  capacity 
(>  150  A.h.kg'1)  was  found  for  the  Lii_z(Nii_yMgy)j+z02 
(y  <  0.02),  it  obviously  decreases  when  y  increases. 

The  structural  characterization  of  deintercalated 
Lix(Ni].yMgy)i+z02  (y  =  0.05  and  0.10)  phases  showed  that 
substitution  of  5  %  of  magnesium  for  nickel  is  high 
enough  to  suppress  the  phase  transitions  observed  for 
LixNi02  during  the  cycling  process.  In  fact,  the  statistical 
distribution  of  Mg2+  ions  in  the  structure  prevents  the 
lithium/vacancy  ordering  in  the  interslab  space  and  the 
Ni37Ni4+  ordering  in  the  slab,  which  are  at  the  origin  of 
these  phase  transitions. 

Experiments  performed  at  various  depths  for  the 
charge  showed  that  the  mechanism  responsible  for  the 
irreversible  capacity  at  the  end  of  the  first  discharge 
occurs  at  a  potential  higher  than  4  V.  Rietveld  refinement 
of  the  X-ray  diffraction  patterns  of  the  materials 
recovered  after  one  cycle  with  an  intermediate  floating  at 
high  potential  (4.35  V)  or  after  50  cycles  (between  2.7 
and  4.15  V),  gave  evidence  for  the  migration  of  all  the 
Mg2+  ions  from  the  slab  to  the  interslab  space  during  the 
electrochemical  process. 

It  is  assumed  that  the  presence  of  these  Mg2+  ions  in 
the  lithium  sites  reduce  the  volume  variations  upon 
cycling  and,  therefore,  is  at  the  origin  of  the  improvement 
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Figure  1:  X-ray  diffraction  patterns  of  the  magnesium 
substituted  phases  Li,.z( Ni ; ->Mgy)  1+z02  (0  <y  <  0.20). 


V(V) 


Figure  2:  Cycling  curve  obtained  for 

Li//Lix(Nii.yMgy)i+z02  batteries  (C/10).  The  average 
reversible  capacity  calculated  over  the  ten  first  cycles  is 
also  given. 


Figure  3:  Electrochemical  charges  of 

Li//LixNi0. 92Mg0. iq02  batteries  (C/100)  up  to  4.05  V 
( x  =  0.47)  (a)  or  up  to  4.6  V  (x  -  0.18)  (b),  followed  by  an 
OCV  discharge  down  to  2.7  V  (relaxation  criteria: 
dV/dt<l  mV.h'1). 
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ABSTRACT 

LiFexCoi.xC>2  (0.05<x<0.75)  solid 
solutions  of  a-NaFe02  structure  type 
with  a  well  ordered  layered  structure 
have  been  synthesised  by  a  sol-gel 
method  using  glycine  as  a  chelating 
agent.  Structure  and  particle 
morphology  was  examined  by  X-ray 
powder  diffraction,  FTIR  &  Scanning 
Electron  Micrograph  (SEM).  The  X-ray 
patterns  of  samples  heated  in  air  at 
800°C  show  that  single-phase  solid 
solutions  are  formed  up  to  a  maximum 
of  x=0.5  in  LiFexCoi.x02  studies  reveal 
particles  of  sub-micron  size  and  a  high 
degree  of  homogeneity.  Charge- 
discharge  studies  on  non-aqueous  liquid 
electrolyte  cells  using  synthesised 
cathode  materials  show  good 
electrochemical  activity  with  an 
operating  voltage  of  4V. 
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It  is  well  know  that  layered  compounds  such  as  LixCo02, 
LxiNi02  and  mixed  LLCoyNi^y  02 
change  their  electronic  structure  while  intercalating  or 
deintercalating  lithium  ions  undergoing  a  semiconductor 
to  metal  transition1’2.  The  transition  occurs  at  the 
beginning  of  the  deintercalation  process  in  the  very 
narrow  range  x  =1  to  x  ~  0.9.  The  electronic  transition 
causes  a  contraction  of  the  M-M  distance:  i.e.  a  lattice 
parameter.  In  a  recent  paper3,  dealing  with  an  AC 
impedance  study  of  LixCo0.25Nio.7502,  we  have  interpreted 
the  impedance  spectra  variation-as  a  function  of  the 
intercalation  degree  in  terms  of  change  of  the  electronic 
structure  by  assigning  the  resistance  associated  to  the 
lowest  frequency  semicircle  to  the  electronic  conductivity 
of  the  material.  In  this  paper  we  present  the  results 
obtained  by  using  LixCo02. 

The  impedance  spectra  were  obtained  using  the  above 
compound  as  cathode  in  a  LixCo02  /  EC-DMC-LiC104  / 
Li  cell  at  different  potentials  values  ( i.e.  different  x).  The 
results  have  shown  that  the  low  frequency  region  of  the 
spectra  is  dominated  by  a  semicircle  that,  especially  at 
high  x  value,  tends  to  close  on  the  real  axis.  As  the 
electrode  is  non-blocking  only  for  electrons,  the  high 
resistance  associated  with  this  semicircle  has  been 
interpreted  in  terms  of  the  electronic  conductivity  of  the 
material.  The  variation  of  this  resistance,  Reh  with  x  drops 
by  several  order  of  magnitudes  over  a  potential  range  of 
about  100  mV  corresponding  to  an  x  variation  from  1  to 
about  0.9.  After  that  the  resistance  appears  to  be  potential 
independent.  The  plot  is  very  similar  to  the  one  published 
by  Ohzuku  et  at.4  who  measured  the  conductivity  of  the 
same  compound  using  a  more  complicated  experimental 
apparatus.  The  spectra  at  lower  x  values  show  all  the 
characteristic  features  of  an  intercalation  electrode 
covered  by  a  passivating  layer,  in  agreement  with 
published  results  . 

All  the  spectra  have  been  analyzed  using  the  non-linear 
lest-square  fitting  program  developed  by  Boukamp6.  Here 
we  like  to  stress  the  results  obtained  for  the  charge 
transfer  resistance.  The  plot  of  this  parameter  Vs  potential 
shows  that,  R*  is  rather  constant  over  the  entire  potential 
range.  This  is  consistent  with  a  model  in  which  the  charge 
transfer  in  intercalation  type  electrodes,  contrary  to  what 
happens  in  classical  oxidation-reduction  processes,  is 
related  to  electrons  that  interact  with  the  ions  in  the 
crystal  lattice  and  not  with  the  incoming  ions.  In  this  case 
no  potential  dependence  of  Rct  is  expected7.  Similar 
behavior  have  been  found  with  parent  compounds. 
Finally,  to  confirm  our  working  hypothesis,  we  have 
repeated  the  entire  set  of  measurements  as  function  of  the 
temperature  in  the  temperature  range  +5°C  -  +30°C.  By 
plotting  the  log(l/Rel)  vs  1/T  we  have  been  able  to  obtain 
the  activation  energy,  Ea,  of  the  electronic  conduction 
process  as  function  of  the  intercalation  degree  x.  A 
monotone  decreasing  of  the  value  of  this  parameter  from 
Ea  »  0.35  eV  to  Ea  «  0.01  eV  has  been  observed  for  x 


decreasing  from  x=l  to  x  *  0.5:  i.e  for  the  material 
undergoing  the  semiconductor-metallic  transition. 
Moreover,  the  numerical  value  for  Ea  we  have  found  in 
the  case  of  the  fully  intercalated  compound,  x=l,  is  in 
agreement  with  previously  published  results1. 
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In  principle,  LiMn204  (space  group  Fd3m)  has 
manganese  on  octahedral  sites  and  lithium  on  tetrahedral 
sites,  but  it  was  reported  recently  that  part  of  the  lithium 
resides  on  16c  octahedral  sites  (1).  Furthermore,  the 
Mn204  frame-work  provides  room  for  lithium  ion 
transport,  maintaining  its  structure  over  the  compositional 
range  Li*Mn204,  with  usually  0<x<l.  Consequently,  a 
gradual  increase  in  the  average  Mn  valency  occurs,  i.e. 
from  3.5  to  4.0,  respectively.  Upon  Li-extraction  Mn3*  is 
oxidised  to  Mn4\  and  only  Mn3+  ions  contribute  to  the 
capacity  at  four  Volt.  However,  it  was  found  that  lithium 
ions  cannot  be  extracted  at  four  Volt  anymore,  if  the 
lithium  content  x  is  less  than  about  0.27  (2),  reflected  by  a 
strong  increase  in  the  open-circuit-voltage  (OCV).  Hence, 
this  leads  to  a  capacity  reduction  of  the  spinel  material 
compared  to  the  theoretical  capacity,  i.e.  148  mAh/g, 
giving  a  practical  capacity  of  about  120  mAh/g.  In 
addition,  the  exact  composition  LiMn204  seems  to  be 
unstable  in  the  current  Li-ion  battery  systems  (3).  In  order 
to  stabilise  the  spinel  for  improved  electrochemical 
performance  extra  lithium  was  added  during  synthesis, 
usually  resulting  in  Li[Li5Mn25]04  (0<5<0.33),  with  the 
ions  between  square  brackets  occupying  16d  sites.  Here 
the  average  Mn  valency  varies  from  3.5  at  5=0  to  4  at 
5=0.33,  and  thus  the  maximal  amount  of  lithium  ions  that 
can  be  extracted  theoretically  is  1-35.  It  is  believed  that 
the  regime  reflecting  the  reduced  capacity  in  LiMn204, 
i.e.  between  x=0.0  and  x=0.27,  can  substantially  be 
reduced  by  adding  small  amounts  of  extra  lithium;  small 
5-values  keep  the  number  of  Mn3+  acceptable.  Here  we 
report  on  the  performance  of  Li[Li5Mn25]  derived  via 
redox  titration  (4)  and  a  redox  disproportination  reaction 
according  to  Hunter’s  method  (5).  The  de-lithiated 
samples  Lix[LisMn2.6]04  agree  with  a  composition 
indicating  6  remain  unaffected  upon  leaching.  Based  on 
this  outcome,  it  can  be  seen  that  the  Li/Mn-ratio  is  in 
favour  for  high  5,  and  from  measurements  it  was  found 
that  higher  6  leads  to  a  pH  that  is  significant  closer  to  7, 
indicating  stabilisation  of  the  material  (Fig.l).  During 
chemical  dc-lithiation  a  similar  behaviour  is  observed  as 
in  electrochemical  cells  (Fig.2).  Fig.3  shows  curves 
recorded  at  different  sulphuric  acid  dosing  rates.  These 
dosing  rates  can  be  performed  in  such  a  way  that  they 
match  relevant  C-rates,  and  thus  reflecting  the  Li-ion 
transport  in  the  insertion  compound.  Hence,  diffusion 
coefficient  can  be  established  without  interference  of  an 
interface;  the  interface  dissolves  during  the  leaching 
process. 

In  summary,  by  analysing  the  pH  (lg  in  250ml  of  water), 
the  Mn  valency  (Jaeger- Vetter  titration),  and  the  chemical 
de-lithiation  (a  modified  Hunter’s  method)  the 
performance  of  the  spinel  material  can  be  characterised. 
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Fig.  1.  Stability-capacity  diagram  versus  pH  and  Mn 
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chemical  de-lithiation  (sample  AS982391D). 
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Tungsten  oxysulfide  thin  films(WOySz)  were  prepared  by 
r.f  magnetron  sputtering  using  a  WS2  target  and  a  mixture 
of  argon  and  oxygen  discharge  gas.  The  composition,  the 
texture  and  the  structure  depend  on  two  parameters  :  the 
oxygen  partial  pressure  and  the  total  pressure  (Ar  +  O2). 
For  example,  for  a  total  pressure  of  1  Pa,  the  range  of 
chemical  composition  is  large,  from  WS2  when  no 
oxygen  gas  is  introduced  in  the  chamber,  to  WO3S0.02 
when  the  oxygen  partial  pressure  is  equal  to  I  O’2  Pa.  The 
different  thin  films  were  used  as  positive  electrode  in  the 
cell :  Li  /  LiAsFs,  1M  EMC  /  WOySz  at  different  currents 
density  and  at  different  ranges  of  potential  to  study  the 
reversible  oxydo-reduction  processes  when  the  lithium  is 
intercalated  and  de-intercalated. 


Results  for  the  cell :  Li  /  LiAsFx.  1M  EMC/  WOn  oS™ 

The  electrochemical  cell  was  cycled  between  1.2  V  and 
3.0  V,  at  a  current  density  of  3  pA/cm2.  The  three  first 
cycles  are  shown  in  figure  1.  During  the  first  discharge, 
2.44  lithium  are  intercalated  and  1.65  are  de-intercalated. 
To  understand  the  different  oxydo-reduction  processes 
which  exist  in  the  first  cycle,  XPS  (X-Ray  Photoelectron 
Spectroscopy)  studies  were  done. 

Our  previous  studies  by  XPS  have  shown  that  in  the 
tungsten  oxysulfide  thin  films,  the  tungsten  ions  have 
three  different  environments  with  three  different  oxidation 

states  :  W4+  in  a  sulfide  environment  (S2~),  W5+  in  a 

2  2  2 

mixed  oxygen-sulphur  environment  (O  ',  S  '  and  S2  ’ 
ions)  and  W6+  in  an  oxide  environment. 

The  XPS  studies  were  done  after  intercalation  of  lithium 
to  1.85  V  and  to  1.20  V  and  after  de-intercalation  to 
2.57  V.  The  evolution  of  the  different  tungsten  (fig  2)  and 
sulphur  ions  showed  that  during  the  intercalation,  the 
4+  0 

main  species  involved  are  the  W  ions  reduced  in  W 
2-  2- 

species,  and  the  S2  ions  reduced  in  S  .  The  process  is 
reversible  for  the  tungsten  but  not  completely  for  the 
sulphur. 

2 

For  a  higher  current  density  (75  pA/cm  ),  between  1.6  V 
and  3.0  V  (fig  3),  1.93  lithium  are  intercalated.  During  the 
charge  0.84  lithium  is  de-intercalated.  The  value  of  the 
initial  capacity  is  43  pAh/cm2.  The  capacity  decreases 
during  the  seven  first  cycles.  Then  the  value  is  stable 
(140  cycles  were  done)  and  equal  to  nearly  14  pAh/cm  ; 
which  correspond  to  0.63  lithium  intercalated. 

Conclusion 


3.0V]  at  different  current  densities.  The  XPS  studies  point 
out  the  presence  at  low  potential  of  W°  species  in 
connection  with  the  intercalation  of  so  much  lithium  in 
our  materials. 


fig  1 :  The  three  first  cycles,  at  3  pA/cm2,  [1.2V- 
3.0V] 
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fig  2  :  Evolution  content  of  different  tungsten  at 
different  stage  of  the  cell. 


fig 3.  :  Evolution  of  the  capacity  with  a  current 
density  of  75  pA/cm2, 


The  WO0.9S2.0  thin  film  has  evidenced  good  properties  as 
positive  electrode  in  the  ranges  [1.6V-3.0V]  and  [1.2V- 
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LiMn204  based  spinel  type  oxides  are  one  of  the 
most  promising  cathode  materials  used  in  lithium  ion 
batteries  because  their  low  cost,  high  theoretical  energy 
density.  (1,  2)  It  is  important  to  clarify  the  change  of 
electronic  structure  during  charge  and  discharge  process 
in  order  to  understand  their  electrochemical  properties.  In 
this  study,  the  electronic  structure  of  undoped  and 
transition  metal  (Ni  or  Cr)  doped  LiMn204  spinel  oxides 
were  determined  by  using  a  measurement  of  Mn  L^-edge, 
Ni  L23-edge,  Cr  L23-edge  and  Oxygen  K-edge  X-ray 
Absorption  Near  Edge  Structure  (XANES).  XANES 
spectra  were  measured  on  BL-7A  and  BL-8B1  at  UVSOR 
(Okazaki,  Japan)  with  ring  energy  of  750  MeV  in  a  mode 
of  total  electron  yield. 

LiMn204,  LiNi04Mn!  604,  LiCr05MnI  504  were 
prepared.  The  crystal  structure  of  these  oxides  was 
determined  by  XRD  using  MoKa  radiation.  These  XRD 
patterns  were  indexed  to  a  cubic  lattice.  The  lattice 
parameters  and  other  structural  parameters  were  refined 
by  the  Rietveld  method.  The  Rietveld  calculation  was 
performed  on  the  vector  processor  (Cray  Y-MP2E/264)  at 
the  Institute  for  Chemical  Research,  Kyoto  University,  by 
using  ’Rievcc'  computer  program  (3,  4)  It  was  confirmed 
that  these  oxides  were  belonging  to  cubic  Fd3m  space 
group. 

Fig.  1  shows  the  Mn  L-edge  XANES  of 
Li*Mn204  at  various  x  values  together  with  reference 
materials  of  Mn02  (Mn4+),  Mn203  (Mn3+),  and  MnC03 
(Mn2+).  The  spectra  correspond  to  Mn2p63d”  to 
Mn2p53d"+I  transitions.  This  figure  shows  that  the  Mn  L3 
absorption  edge  of  Mn203  was  about  642.0  eV  and  that  of 
Mn02  was  643.4  eV.  These  results  indicate  that 
increasing  the  oxidation  state  of  manganese,  the  Mn  L3 
absorption  edge  shifted  to  higher  energy.  As  shown  in 
Fig.  1 ,  the  peak  of  LiMn204  was  a  combination  of  peak  of 
Mn203  and  Mn02.  At  low  x  value  of  the  LixMn204, 
contribution  of  Mn4+  increased,  whereas  contribution  of 
Mn3+  increased  at  large  x  values. 

Fig.  2  shows  the  oxygen  K-edge  XANES  of 
Li*Mn204  at  various  x.  A  peak  at  about  529  eV  is 
attributed  to  the  band  derived  from  the  mixing  of  the  Mn 
3d  majority  (spin-up)  eg  and  minority  (spin-down)  t2g 
states  with  oxygen  2p  states.  A  peak  at  about  531.5  eV  is 
attributed  to  the  band  derived  from  the  mixing  of  the  Mn 
3d  minority  (spin-down)  eg  states  with  oxygen  2p  states. 
The  broad  structure  about  540-545  eV  is  attributed  to 
band  of  Mn  4sp  character.  The  peak  at  about  529  eV 
increased  with  decreasing  lithium  content.  This  results 
shows  that  oxidation  also  take  place  on  oxygen  2p  orbital 
and  the  ground  state  of  Li*Mn204  (xct.0)  is  mixed  state 
of  3d3  and  3d4L,  where  L  represents  a  ligand  hole  state. 
These  results  are  in  good  agreement  with  the  result  of 
First-Principles  calculation  for  LiMn204  spinel  oxides.  (5, 
6)  At  x  values  above  1.2,  the  peak  at  about  534  eV 
appeared.  The  peak  at  about  534  eV  is  attributed  to 
minority  (spin-down)  dx2.y2  state,  which  appeared  by 


cubic-to-tetragonal  phase  transition. 
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Fig.l  Mn  2p  absorption  spectra  of  LixMn204 ,  the  value 
of  x  is  indicated  in  the  figure. 


Fig.2  O  Is  absorption  spectra  of  LixMn204 ,  the  value  of 
x  is  indicated  in  the  figure. 
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ABSTRACT 


Hexavalent  chromium 
[Cr(VI)]  doped  LiMn204  spinels  were 
synthesized  for  the  first  time  by  a  sol-gel 
method  using  glycine  as  the  chelant.  The 
synthesized  samples  were  analyzed 
using  XRD  for  its  phase  purity.  The 
change  in  the  local  structure  was 
elucidated  using  FTIR.  SEM  studies 
reveals  homogeneous  particles  of  sub¬ 
micron  size.  The  hexavalent  chromium 
ion  doping  has  led  to  very  high  capacity 
in  the  order  of  400  mAh/g,  confirming 
the  recent  theoretical  investigation  [1). 
The  effect  of  hexavalent  ion  doping  on 
the  Jahn-Teller  distortion  of  the  spinel 
LiMn204is  discussed  in  detail. 
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3  V  Manganese  Oxide  Electrode 
Materials  for  Lithium  Batteries 

Christopher  S.  Johnson 
and  Michael  M.  Thackeray, 

Electrochemical  Technology  Program, 

Chemical  Technology  Division, 
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Argonne,  IL  60439,  USA 

Lithium  cells  with  manganese  oxide  cathodes 
that  operate  at  3  V  compare  favorably  with  4  V 
Li/LitMn204  (spinel)  cells  based  on  calculations  of 
achievable  energy  densities.  Table  1  compares  these 
calculations.  In  short,  if  a  LitMn02  electrode  can  deliver 
a  practical  capacity  of  1 80  mAh/g  at  an  average  3  V,  then 
the  system  will  provide  an  energy  density  of  504  Wh/kg 
(based  on  the  masses  of  the  active  electrode  materials 
only).  From  a  stored  energy  standpoint,  this  makes  it 
reasonably  competitive  with  conventional  4  V  Li-ion 
(spinel)  cells  (480  Wh/kg).  We  have  been  examining 
several  3  V  manganese  oxides  that  have  delivered 
capacities  in  excess  of  200  mAh/g  and  good  cycling 
behavior. 

Various  Mn02  structure  types  can  be  stabilized 
to  lithium  insertion/extraction  by  reacting  the  Mn02 
frameworks  with  lithia  (Li20)  [1].  Examples  of  lithia- 
stabilized  compositions  and  structures  include  the  a- 
MnO,  (hollanditc)  structure  (0.l5Li2ODMnO2)  [2}, 
ramsdellite-MnO,  (0.15Li2O0MnO2),  the  3  V  spinel 
structure  Li4Mn5Ol2  (0.40Li2ODMnO2),  and  a  layered 
structure  derived  from  the  rocksalt  phase  Li2Mn03 
(Li20DMn02)  [3].  We  have  focused  our  efforts  on 
stabilizing  the  oc-Mn02  and  layered  structures.  In  the  a- 
Mn02  system,  stabilized  structures  with  mixed-alkali 
dopants  can  also  be  prepared,  such  as 
(0.1  lLi2O/0.04Na2ODMnO2). 

The  capacity  and  cycling  capability  of  a-Mn02 
electrodes  can  be  increased  by  treating  the  structure  with 
ammonia  (NH3)  gas.  When  the  beneficial  effects  of  lithia 
doping  and  ammonia  treatment  are  both  implemented  in 
this  system,  then  excellent  cycling  properties  result. 
Figure  1  shows  that  >  200  mAh/g  can  be  obtained  when 
lithia-doped  oc-Mn02,  treated  with  ammonia  is  cycled 
between  3.8  and  2.0  V.  This  improvement  in 
performance  can  be  attributed  to  the  stabilization  of  the 
hollanditc  framework  by  the  partial  occupancy  of  sites  at 
the  center  of  the  (2x2)  channels  by  both  oxygen  (from  the 
lithia  molecules)  and  nitrogen  (from  the  ammonia). 

Layered  Li2.,Mn03.rt  electrodes  that  are  derived 
from  the  rock  salt  phase  Li,MnO,  by  acid  treatment  are  of 
interest  because,  unlike  layered  LiMn02  electrodes 
obtained  by  Li-ion  exchange  from  NaMn02,  they  show  a 
lesser  tendency  to  convert  to  spinel.  Good  cycling 
behavior  has  been  obtained  when  cells  are  cycled  between 
3.8  to  2.0V,  but  lower  capacities  (approximately  160 
mAh/g)  are  achieved  compared  to  stabilized  a-MnO: 
electrodes,  The  electrochemical  properties  of  Li^MnOj.^ 
electrodes,  their  thermal  and  structural  stability,  and  the 
role  that  water  plays  in  the  structure  will  be  discussed. 
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Introduction 

Cathode  material  plays  important  part  in  the  operation 
of  a  Lithium-ion  cells.  Among  the  intercalation 
compounds  used  as  cathodes  materials  in  lithium-ion 
batteries,  spinel  LiMn204  offers  considerable  advantages 
in  price  and  reduced  toxicity.1  However,  the  published 
results  for  cell  cycling  performance  of  spinel  compound 
show  significant  capacity  fade.  Despite  considerable 
effort,  preparation  of  high  quality  battery  grade  spinel 
with  long  cycle  life  capabilities  has  proven  to  be 
extremely  difficult.  Many  researchers  have  also  reported  a 
marked  improvement  of  the  spinel  cyclability  but, 
unfortunately,  this  improvement  was  accompanied  by  a 
decrease  in  specific  capacity  of  up  to  30  percent  of  the 
theoretical  value.  Several  investigations  have  been  made 
for  the  performance  of  manganese-substituted  spinel.2 

In  this  work,  the  spinel  phase  LiMyMn2.y04  in  which  a 
part  of  Mn  replaced  by  Mg2+  are  prepared  to  improve  the 
cycle  performance  of  LiMn204  spinel. 

Experimental 

LiMgyMn2_y04  samples  were  prepared  by  reacting 
stoichiometric  quantities  of  LiOH»H20,  Mn20  and  MgO 
in  air  at  800  for  36h.  Powder  X-ray  diffraction  using 
Cukcq  radiation  was  used  to  identify  the  crystalline 
phases  of  the  material.  Cathode  specimens  were  prepared 
by  mixing  the  LiMgyMn2_y04  powder  with  15wt.%  sp-270 
carbon  black  and  5wt.%  PVDF  (poly-vinylidene 
fluoride).  A  three  electrode  electrochemical  cell  was 
employed  for  electrochemical  cell.  The  reference  and 
counter  electrodes  were  constructed  from  lithium  metal  as 
well  and  a  1M  LiC104-PC  solution  was  used  as  the 
electrolyte.  The  charge  and  discharge  test  was  carried  out 
in  the  potential  range  of  3.0  ~  4.3V  with  current  of  0. 1/. 

Result  and  discussion 

The  powder  XRD  patterns  of  the  LiMgyMn2.y04  for  0< 
y  <0.15  are  shown  in  Fig.  1.  All  samples  were  identified 
as  a  single-phase  spinel  with  a  space  group  Fd3m  in 
which  the  lithium  ions  occupy  the  tetrahedral  (8a)  sites 
and  the  transition  metal  ions  reside  at  the  octahedral  (16d) 
sites.  New  peak  can  be  slight  seen  at  42.94°  (mar  k ) 
when  y=0.05  and  is  more  apparent  with  increasing  Mg2+ 
content.  We  presume  that  this  peak  is  not  other  phase 
peak  but  co-spinel  phase.  The  identity  of  the  proposed  co¬ 
spinel  phase  is  not  yet  known.  Therefore,  it  needs  more 
work.  The  lattice  parameter  slightly  decreased  with 
increasing  Mg2+  content. 

The  relationships  between  the  discharge  capacity  and 
the  cycle  number  of  the  Li/LiMgyMn2.y04  cell  are  shown 
in  Fig.  2.  As  can  be  seen,  the  capacity  fading  of  the 
Li/LiMn204  cell  was  more  severe  than  that  of  the 
substituted  phases.  In  addition,  Li/LiMgyMn2.y04  cell 
substituted  Mg2+  revealed  more  the  high  and  stable 
discharge  capacity  than  that  of  LiMn204.  Among  these 
materials,  LiMg0.iMni.9O4  showed  the  best  cycle 
performance  in  terms  of  the  capacity  and  cycle  life.  The 
discharge  capacity  of  the  cathode  for  the  Li/LiMgo.iMn,  .904 
cell  at  1st  cycle  and  at  the  70th  cycle  was  about  120  and 
105mAh/g,  respectively.  While,  Li/LiMn204  cell  was 
about  117  and  73mAh/g.  The  cycle  performance 
improved  by  the  substitution  could  be  explained  by 


considering  that  the  doped  metal  cations  enhance  the 
stability  of  the  octahedral  sites  in  the  spinel  skeleton 
structure. 

Fig.  1.  X-ray  diffraction  pattern  of  LiMgyMn2.y04. 
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Fig.  2.  Discharge  capacity  of  LiMgyMn2.y04. 
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The  spinel  LiMn204  compound  is  of  potential 
interest  for  lithium  and  lithium-ion  batteries.  This 
material  has  been  synthesized  by  a  sol-gel  method 
using  an  aqueous  solution  of  metal  acetates 
containing  citric  acid  as  a  chelating  agent.  The  effects 
of  various  calcination  temperatures  on  the 
physicochemical  properties  of  the  spinel  LiMn204 
powders  have  been  investigated  by  means  of  X-ray 
diffraction  (XRD),  scanning  electron  microscopy 
(SEM)  and  transmission  electron  microscopy  (TEM). 
XRD  measurements  show  that  crystallinity  improves 
with  increasing  calcination  temperature.  SEM  images 
reveal  that  LiMn204  particles  calcined  at  800°C 
exhibit  uniform  crystal  shape  and  good  crystallinity 
with  an  average  size  of  ~  80  nm  (Fig.l),  while 
LiMn204  particles  calcined  at  low  temperatures  have 
an  irregular  shape  and  also  smaller  size  than  those  of 
sample  prepared  at  high  temperature.  TEM  images  of 
sample  calcined  at  high  temperatures  show  that  the 
uniformity  in  particle  size  and  particle  size 
distribution. (Fig. 2)  Electrochemical  measurements 
have  been  performed  on  a  cell  of  Li/IM  LiPF6  in 
EC: DEC  (50:50  v/v)/LiMn204  which  was  assembled 
in  a  glove  box  with  an  argon  inert  atmosphere. 
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Fig.l.  SEM  image  of  LiMn204  powder  calcined  at 
800°C 


Fig.2  TEM  image  of  LiMn204  powder  calcined  at 
800°C 
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In  lithium  batteries  field,  considerable  attention  has 
been  paid  for  many  years  to  the  study  of  the 
electrochemical  intercalation/deintercalation  process  of 
lithium  in  host  materials.  The  latter  is  governed  by  the 
diffusion  of  Li+  into  the  host  material.1 

One  of  the  most  important  kinetic  characteristics  of 
this  electrochemical  process  is  the  lithium  diffusion 
coefficient,  DLi .  Several  kinds  of  electrochemical 
studies  were  done  for  the  determination  of  the  DLi  such 
as  galvanostatic  intermittent  titration  technique  (GITT), 
current  pulse  relaxation  technique  (CPR),  impedance, 
etc.  The  experiments  were  interpreted  in  the  frame  of  the 
solid  state  diffusion  theory;2  the  classical  mathematic 
approach  provides  algebraic  equations  which  can  be 
easily  used  for  the  exploitation  of  experimental  transient 
curves  in  considering  constant  diffusion  coefficients. 
But,  a  variation  of  DLi  with  the  lithium  concentration 
into  the  host  structure  is  usually  observed. 

Therefore,  we  propose  a  new  approach  based  on  the 
numerical  integration  of  the  diffusion  equations  taking 
into  account  a  dependence  of  DLi  on  the  lithium 
concentration.3  This  dependence  can  strongly  modify  the 
shape  of  the  calculated  chronopotentiograms  as 
illustrated  in  Fig.  1  and  then,  must  be  introduced  in  the 
calculation  to  obtain  a  correct  description  of 
experimental  results. 

The  new  theoretical  model  was  applied  to  the  study  of 
the  Li+  intercalation/deintercalation  into  Nb2Os  used  as 
cathode  material.4  As  shown  in  Fig.  2,  the  experimental 
curve  is  perfectly  fitted  in  considering  a  polynomial 
variation  of  DLi  vj  lithium  intercalation  ratio,  y; 

Du  =  2.63  x  1(T10  x  (1  -  1.37  y  +  0544  y2)  cm2  s'1 

By  contrast,  the  best  fit  of  the  experimental  curve 
using  the  classical  theory  with  a  fixed  diffusion 
coefficient  is  obtained  for  DLi  =  6.78  x  10_n  cm2  s'1; 
nevertheless,  the  calculated  curve  does  not  well  describe 
the  experimental  curve. 

Therefore,  it  clearly  shows  that  our  new  theoretical 
approach  provides  a  significant  improvement  for  the 
exploitation  of  experimental  results  and  for  the 
determination  of  Dy . 
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Fig.  1.  Calculated  chronopotentiograms  for  a  variable 
component  diffusion  coefficient:  D  =  D0  (1  -  0  y) . 
Current  density:  -10  mA  cm2.  Variation  of  the  potential 
according  to  [5]:  E  =  25  -  RT/F  [log  (y  /  (1  —  y))] . 

The  following  D  x  1014  cm2  s'1  values  are  found:  4.5 
0=0),  9.45  0=0.6),  20.7  (0=0.9)  and  33.3  (0=0). 
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Fig.  2.  Discharge-recharge  curves  for  LivNb205  in  1  M 
LiC104-PC  solution  at  25 °C.  Current  density:  ±  100  mA 
cm2.  •:  experimental  curves;  dashed  line:  calculated 
curves  with  a  concentration  dependent  diffusion 
coefficient;  dotted  line:  calculated  curves  with  a  fixed 
diffusion  coefficient. 
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Ukrainian  manganese  ores  are  used  as  a  starting  raw 
material. 

The  main  directions  of  investigation  are  the  following: 

1.  The  discharge/charge  characteristics  of  the  samples  of 
secondary  batteries  with  a  cathode  based  on  Mn02 
synthesized  by  different  methods: 

1.1.  The  treatment  of  electrolytic  Mn02  with  a  nitric 
acid  (sample  Nl); 

1.2.  Oxidation  of  Mn203  with  a  nitric  acid  (diffirent 
concentration); 

HN03(delute)-sampleN2; 

HN03(concentr.)  -  sample  N3 

1.3.  The  chemical  method  of  the  synthesis  from 
Mn(N03)2  +  NaCI03  mixture,  samples  N  4. 

2.  Studying  discharge/charge  characteristics  of  LiMn204 
spinel,  synthesized  by  different  methods. 

2.1.  The  synthesis  is  the  high-temperature  treatment  of 

Mn02  +  LiN03,  Mn02  +  Li2C03,  Mn02+Li0H. 

2.2.  Synthesis  from  the  mixture  of  MnC03  and  Li2C03. 

3.  The  impedance  testing  of  Li-LiMn204  accumulator  at 
the  different  discharging  stages  . 

The  synthesis  conditions  of  the  efficient  cathode 
materials  for  lithium  secondary  batteries  have  been 
developed  on  the  basis  on  Ukrainian  manganese  ores. 
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U,V  DISCHARGE  CHARACTERISTICS  OF 
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Table  1.  The  bulk  density  of  LiMn204  at  high- 
emperature  synthesis  from  the  different  types  of  Mn02 


Parent  components  for  the 
synthesis  of  LiMn204 

Sample 
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Li  salt  for 
synthesis 

Sample  1  /  • 

LiN03 

la 

2.5 

1.8 

Sample  2  /  • 

LiNO, 

2a 

1.1 

1.2 

Sample  3  /  • 

LiNOj 
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Table  2.  The  X-ray  diffraction  characteristics  of 
parent  Mn02  and  synthesized  LiMn204 


Type  of  a  sample 

Lattice 

parameters 
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Crystal 
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ltetragonal  structure 

4.26 

2.84 
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2tetragonal  structure 
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3tetragonal  structure 

. 
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132 

4tetragonal  structure 
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- 
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A  New  3.8V  Cathode  for  Lithium-Ion 
Batteries:  e-LixV0P04 
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Waterloo,  Ontario,  N2L  3G1  Canada 

Recently  the  search  for  new  cathode  materials  for 
lithium  ion  batteries  has  lead  to  the  study  of  metal 
oxide-polyanion  structures  such  as  the  vanadium  (V) 
phosphate,  V0P04.  Interest  in  vanadyl  phosphates 
originates  from  the  high  potential  of  the  V5+/V4+ 
redox  couple  (-3. 85V)  and  their  theoretical  capacity 
of  165mAh/g.‘  Various  forms  of  these  structures  are 
known  that  consist  of  distorted  V06  octahedra  that 
are  bridged  by  P04  tetrahedra.  The  V06-P04 
connectivity,  however,  is  slightly  different  for  each 
structural  modification.  The  tetragonal  a  form2  and 
the  orthorhombic  3  form  are  the  best  known.3  The 
former  is  a  lamellar  compound  characterized  by  a 
strong  anisotropy  of  its  chemical  bonds,  whereas  the 
(3  form  exhibits  three-dimensional  structure  with 
interconnecting  channels.  This  structural  difference 
has  a  marked  influence  on  the  electrochemical 
behavior  of  the  materials.  Electrochemical  cycling 
studies  on  the  at  and  (3  forms  has  shown  that 
P-VOPO4  has  better  performance  yielding  good 
stability  with  a  capacity  of  ~95mAh/g  after  100 
cycles.1 

A  third  related  polymorph,  designated 
*e-V0P04\  has  recently  been  reported  by  Lim  et  al.4 
We  have  synthesized  this  material  by  a  hydrothermal 
reaction  in  the  presence  of  an  amine  template  at  low 
pH,  resulting  in  the  formation  of  VP04»H20.  The 
latter  was  then  converted  to  e-V0P04  by  heating 
under  oxygen  to  550°C.  The  exact  structure  of 
e-V0P04  has  yet  to  be  determined,  although  it  is 
thought  to  be  3D  and  intermediate  between 
VP04.H20  and  f3-V0P04  4 

In  this  communication,  we  will  report  our 
electrochemical  study  of  the  reversible  Li  insertion 
into  E-VOPO4  and  relate  this  to  its  structure.  Initial 
electrochemical  experiments  (20%  acetylene  black) 
show  that  e-V0P04  displays  distinct  reduction 
processes  that  occur  in  the  voltage  range  of  4  V  to 
200  mV  (  3.85  V,  2.4V,  and  below  I  V;  Fig.  1).  The 
first  two  processes  are  typical  first-order  phase 
transitions  and  correspond  to  the  V5+/V4+  and  the 
V4+/V3+  redox  couples  respectively.  Cycling  between 
4.5  and  3V  at  ILi/lOh  yields  good  reversibility  over 
the  first  20  cycles  but  with  a  capacity  that  remains 
below  40  %  of  the  theoretical  value  (Fig.2). 
Chemical  lithiation  of  e-VOP04  using  Lil  leads  to  a 
lithiated,  air  stable  form,  e-LixVOP04.  X-ray 
diffraction  shows  that  crystallinity  is  maintained  after 
lithiation,  albeit  with  changes  to  the  framework 
structure.  Structural  studies  of  this  phase  are  in 
progress.  In  initial  experiments,  at  least  0.6Li  could 
be  extracted  from  composite  electrodes  prepared  by 
ball-milling  e-LixVOP04  with  20%  acetylene  black 
and  further  optimization  appears  possible  (Fig.  2). 
On-going  cycling  experiments  at  ILi/lOh  yield  a 
reversible  capacity  of  over  100  mAh/g  for  the  first  10 
cycles  (Fig.  2).  Comparison  of  the  galvanostatic 
curve  of  £-Li„VOP04  and  £-Li*V0P04-(bm)  (Fig.  3) 
indicates  that  the  ball  milling  process  gives  rise  to  an 


additional  reversible  single  phase  step  centered  on 
3.7V.  The  influence  of  the  synthetic  conditions  on  the 
electrochemical  behavior,  further  optimization  of  this 
system,  along  with  structural  studies  will  be 
presented. 


Fig.  1 :  Voltage  profile  of  Li/6-V0P04  at  ILi/lOh 


Fig.2.  Reversible  capacity  vs  cycle  number  for  (a) 
e-VOP04  (b)  e-LixV0P04  -(bm). 


Fig.3:  Voltage  profile  of  (a)  e-LixVOP04,  and  (b) 
£-Li*V0P04-(bm). 
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Aluminium  substituted  LiCo02 
as  an  intercalation 
cathode  for  lithium  polymer 
battery 
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ABSTRACT 

Aluminium  doped  lithium  cobalt 
oxides  LiAlo.05Coo.95O2,  was  synthesized 
via  a  sol-gel  method  l.  Polymer  gel 
electrolyte  comprising, 

poly(methylmethacrylate)  (PMMA), 
LiAsF6  with  a  combination  of  EC  and 
PC  as  plasticizer  was  prepared  using 
doctor  blade  method.  The  thickness  of 
the  film  was  found  to  be  100  microns 
with  the  conductivity  of  10'3  S  cm'1  at 
25°  C  2.  LiAlo.05Coo.95O2  has  a  good 
electrochemical  activity  with  a  discharge 
capacity  of  130  mAh/g1.  The  diffusion 
coefficient  of  the  lithium  ion  has  been 
extracted  from  the  impedance  data.  A 
coin  cell  with  LiAlo.05Coo.95O2  as  cathode 
and  PMMM  A/EC/PC/Li  AsF<5  as 
electrolyte  and  lithium  metal  as  anode 
was  constructed  and  studied  for  its 
electrochemical  activity,  and  its  details 
will  be  presented  in  this  paper. 
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The  Jahn-Teller  distortion  in  LixNi02 
and  LixMn02.  C.  Marianetti,  D. 

Morgan  and  G.  Ceder,  Massachusetts 
Institute  of  Technology,  USA 

It  is  believed  that  the  Jahn-Teller 
distortion  significantly  affects 
electrochemical  performance  of 
materials  such  as  LiNi02  and  LiMn02. 
While  a  cooperative  distortion  occurs  in 
LiMn02,  only  local  distortions  are 
present  in  LiNi02  and  LiMn204.  When 
Jahn-Teller  ions  become  diluted  with 
non-Jahn-Teller  ions  (either  through 
delithiation  or  by  chemical  substitution) 
the  cooperative  distortion  is  expected  to 
turn  non-cooperative.  Using  detailed 
computational  modeling,  we  study  how 
local  Jahn-Teller  distortions  can  persist 
in  the  presence  of  non-Jahn-Teller  ions. 
The  effect  on  materials  degradation  and 
capacity  fade  will  also  be  discussed,  in 
particular  in  the  context  of  the 
manganese  system. 
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THEORY  OF  LITHIUM  DIFFUSION  IN 
LixCo02:  A  FIRST  PRINCIPLES 
INVESTIGATION 

Anton  Van  der  Ven1  and  Gerbrand  Ceder1 
*MIT 

Department  of  Materials  Science  Rm  13-4069 
Cambridge,  MA  02139 
USA 

Transport  properties  within  the  different  components 
of  a  lithium  battery  are  important  in  determining  the 
rate  at  which  the  battery  can  be  charged  and  dis¬ 
charged.  For  the  cathode,  the  relevant  transport  prop¬ 
erty  is  the  lithium  diffusivity  since  it  determines  how 
fast  lithium  can  be  removed  and  reinserted  into  the 
cathode. 

To  better  understand  the  lithium  transport  properties 
in  layered  transition  metal  oxides  such  as  LixCo02  and 
LixNi02,  we  have  performed  a  first  principles  investi¬ 
gation  of  the  lithium  diffusion  coefficient  in  LixCo02 
as  a  function  of  the  lithium  concentration.  We  find 
that  two  different  hopping  mechanisms  are  available 
for  lithium  migration  between  neighboring  octahedral 
sites.  The  first  hopping  mechanism  involves  the  ex¬ 
change  of  a  lithium  ion  with  an  isolated  vacancy,  while 
the  second  hopping  mechanism  is  mediated  by  a  diva¬ 
cancy.  We  find  that  the  activation  barriers  for  the  two 
mechanisms  are  very  different  and  that  they  vary  con¬ 
siderably  with  the  local  lithium- vacancy  environment. 
This  results  in  a  diffusion  coefficient  that  changes  by 
several  orders  of  magnitude  with  lithium  concentra¬ 
tion.  The  qualitative  evolution  of  the  diffusion  coeffi¬ 
cient  is  in  good  agreement  with  experiment. 

We  have  implemented  the  calculated  diffusion  coeffi¬ 
cients  in  continuum  diffusion  models  in  combination 
with  continuum  elasticity  theory  to  investigate  the  ef¬ 
fect  of  charging  and  discharging  rates  on  the  lithium 
concentration  profiles  within  cathode  particles.  We 
find  that  large  concentration  gradients  can  be  induced 
under  typical  charge  and  discharge  rates  and  that  the 
resultant  lithium  concentration  profiles  are  accompa¬ 
nied  by  important  stress  build-ups  that  can  be  detri¬ 
mental  for  the  integrety  of  the  cathode  particle. 
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Lithium  Insertion  of  (V)  yMoy)205 

Mika  EGUCHI.  Fumihiko  MAKI,  Satomi  IWABE  and 
Yoshihiro  MOMOSE 

Department  of  Materials  Science,  Faculty  of  Engineering, 
Ibaraki  University. 
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INTRODUCTION 

V205  having  layered  structure  is  of  interest  as  an 
insertion  cathode  material  for  lithium  secondary  batteries. 
The  crystal  structure  of  lithium  inserted  LuV205  changes 
from  a-  though  e-  to  5-  form  reversibly  upon  lithium 
insertion  up  to  x=l,  where  the  structural  change  to  y-form 
occurs  irreversibly.  Further  y-form  changes  finally  to  co- 
form  atx=3  [I]. 

Substitution  of  Mo  for  a  part  of  V  in  V205  causes 
changes  in  the  structure,  and  at  0.2<y<0.3  in  (V|. 
yMoy)205,  the  oxide  belongs  to  a  monoclinic  system  [2], 
Structural  changes  of  these  oxides  upon  lithium  insertion, 
however,  have  not  been  reported. 

In  this  study,  effects  of  substitution  of  Mo  for  a 
part  of  V  in  V205  on  stability  range  of  each  phase  and 
rates  and  mechanisms  of  those  structural  changes  were 
investigated.  For  this  purpose,  as  the  first  step  of  a  series 
of  the  studies,  (V0.75M00  2s)2Os  was  synthesized  in  powder 
form  by  the  solid  state  reaction,  and  lithium  insertion  was 
carried  out  both  by  chemical  and  electrochemical 
methods.  Electron  spin  resonance  (ESR)  and  X-ray 
diffraction  (XRD)  measurements  were  used  to  analyse 
structural  changes. 

EXPERIMENTAL 


observed,  and  no  phase  transformation  characteristics  of 
V205  occurred. 

ESR  spectra  also  provide  a  sensitive  information 
on  the  phase  transformations.  A  broad  singlet  signal  of 
V(IV)  was  found,  but  these  of  Mo(V)  was  not  detected. 
Line  width  of  the  signal  V(IV)  (see  Fig.  1)  increased 
steeply  at  about  x=l. 

The  open  circuit  potentials  of  lithiated 
(V0.75M00  25)205  were  plotted  against  x  in  Fig.  2.  In  the 
composition  region  about  xcl,  the  electrode  potential 
became  less  noble  with  increasing  x ,  as  is  typical  of  a 
solid  state  electrode.  At  about  x=l,  the  electrode  potential 
drops  steeply.  These  dependencies  are  almost  coincided 
with  that  obtained  from  results  of  ESR  and  XRD  analysis. 
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Powder  samples  of  (V0.75M00.25)  205  was  prepared 
by  a  solid  state  reaction  of  reagent  grade  V2Os,  V204  and 
MoO,  powders  in  evacuated  quartz  ampoules  at  660  *C 
for  72  hours  (2j  and  then  cooled  down  to  room 
temperature  at  a  rate  of  2  •  C/min.  XRD  lines  of  the 
sample  of  ( V0  75Mo0  2s)205  were  well  described  as 
monoclinic  system  by  Rietveld  analysis  using  the  data 
reported  by  K.  West  ct  al.  for  ^=0.3  [2],  excepting  peaks 
at  20  >  40*  ,  which  could  presumably  be  ascribed  to  any 
one  ofV9MoC>40,  V 0.87M00 1 j02 1 7  or  V2MoOg. 

For  chemical  lithiation  of  (V0.75Moo.25)205,  n- 
BuLi/n-hexane  was  added  to  (Vo^Moq.^Os  powder 
dispersed  in  n-hexane  at  25-85  *C  under  an  argon 
atmosphere.  The  extent  of  lithiation  was  designated  by  x- 
Li  /  (0.75V+0.25Mo). 

To  prepare  the  electrode  mixture  of 
(V0.75M00  75)265,  acetylene  black  and  poly 
(tetrafluoroethylene)  powders  in  a  weight  ratio  of  60:30: 
10  was  pressed  into  a  pellet  on  a  porous  nickel  sheet.  A  1 
mol-dm-’  LiCI04  solution  of  propylene  carbonate  (PC) 
was  used  as  the  electrolyte.  The  reference  and  counter 
electrodes  were  metallic  lithium  wires. 

RESULTS  AND  DISCUSSION 
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Fig.  1  Changes  in  the  line  width  of  V(IV)  with  x  in 

Lu(Vo7sMOo.25)205. 


The  structural  changes  of  (Vq^Moo.^^Os  upon 
lithiation  were  investigated  by  XRD  measurements.  At 
about  xcl,  peaks  except  for  the  starting  material  were  not 


Fig.  2  Open  circuit  potential  for  LL(V075Mo0  25)205. 
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Effect  of  Lanthanum  Dopant  on  the  structural  and 
electrical  properties  of  LiCoVC>4  cathode  materials 
investigated  by  EXA.FS 
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Since  the  discovery  of  LiNiV04  and  LiCoV04  as 
new  cathode  materials  for  secondary  lithium  batteries, 
interest  in  inverse  spinel  materials  has  arisen,  due  to  their 
high  voltage  behavior*  1*  .  Since  both  of  them  are  poor 
electrical  conductivity,  it  is  necessary  to  mix  it  with 
significant  amounts  of  good  electrical  conductor  such  as 
carbon  black  to  ensure  that  the  electrode  has  sufficient 
electrical  conductivity.  However,  the  addition  of  carbon 
black  lowers  the  energy  density. 

Generally  the  use  of  a  dopant  or  additive  to 
materials  of  interest  is  widely  employed  to  increase  its 
electrical  conductivity.  In  this  studies  we  investigated  the 
effects  of  lanthanum  as  dopant  to  LiCoV04  cathode 
material  by  using  Co  and  V  K-edges  X-ray  absorption  fine 
structure  (EXAFS)  spectra.  The  structural  and  electrical 
properties  has  been  discussed.  It  was  observed  that 
LiCoV04  has  a  inverse  spinel  structure  and  the 
coordination  number  of  core  Co  is  6  in  the  first  shell  O.  It 
was  found  that  the  Co-0  distance  is  2.08  ±0.01A  and 
debye-waller  factor  is  0.012  ±0.001A.  The  electrical 
conductivity  of  LiCoV04  material  depends  on  the  amount 
of  lanthanum  dopant. 
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High-power-density  secondary  batteries  for 
electric  vehicle(EV)  use  attract  much  interest  from  envi¬ 
ronmental  aspects.  Manganese  spinel  oxide  LiMn204  is 
considered  to  be  one  of  the  best  candidate  as  a  cathode 
material  for  the  EV  use,  because  it  has  advantages  in 
safety,  cost  and  natural  abundance.  However  the  cycle  life 
of  the  material  was  not  enough  to  use  as  EV  batteries.  In 
this  paper,  we  have  studied  cycle  performance  and  struc¬ 
tural  change  of  the  spinel  manganese  cathodes.  Long- 
cycle  life  cathode  materials  were  achieved  for  high-power 
lithium  ion  batteries  like  an  electric  vehicle  use. 

The  cathode  materials  were  synthesized  by  a 
solid  reaction  method  varying  the  [Li]/[Mn]  molar  ratio. 
X-ray  diffraction  measurement  was  performed  using 
RIGAKU  diffractometer  and  the  lattice  parameter  was 
obtained  by  least-square  fitting.  Electrodes  for  measure¬ 
ment  of  the  electrochemical  characteristics  were  prepared 
by  coating  the  mixed  slurry  consisting  of  the  cathode 
material,  conductive  graphite  powder,  and  a  PVDF  binder 
on  an  aluminum  foil.  The  thickness  of  the  electrodes  was 
about  100  um.  A  test  cell  with  a  lithium  metal  counter 
electrode  and  a  reference  electrode  was  used  for  the 
measurement.  A  mixed  electrolyte  of  EC  and  DMC  (1M 
LiPF6)  was  used.  Cycle  tests  were  performed  at  room 
temperature  at  the  voltage  ranging  from  4.3  to  3.0  volts  vs 
lithium. 

Synthesized  cathode  materials  indicate  single¬ 
phase  spinel  diffraction  patterns.  The  lattice  parameter  of 
the  [Li]/[Mn]=0.50  sample  is  a=8.244  A,  which  is  con¬ 
sistent  with  the  value  reported  in  JCPDS.  As  increasing 
the  lithium  composition,  the  lattice  parameters  decrease 
compared  with  the  value  of  the  [Li]/[Mn]=0.50  sample, 
indicating  the  increasing  of  the  tetravalent  Mn4+  ions.  The 
change  of  the  lattice  parameters  shows  saturating  behav¬ 
ior  above  [Li]/[Mn]  =0.56.  It  is  considered  that  the  gen¬ 
eration  of  a  small  amount  of  L^MnOj  phase  suppresses 
the  increase  of  the  manganese  valence,  although  its  dif¬ 
fraction  peak  cannot  be  clearly  detected.  Cycle  perform¬ 
ance  improves  dramatically  for  the  Li-rich  composition 
cathode.  The  capacity  fade  of  the  Li-rich  cathode  materi¬ 
als  is  less  than  2%  at  100  cycle.  As  shown  in  Fig.l,  cycle 
life  of  the  cells,  using  carbon  as  anodes,  shows  a  23% 
capacity  fade  at  2300  cycles.  Such  improvement  of  the 
cycle  performance  makes  it  possible  to  apply  the  cathode 
material  to  EV  use  secondary  batteries. 

Open  circuit  voltage  (OCV)  measurement  was 
also  examined  for  [Li]/[Mn]=0.50  and  the  Li-rich  cathode 
materials.  The  results  reveals  that  the  plateau,  which 
shows  the  existence  of  two  kinds  of  cubic  phases  with 
different  lattice  parameters,  diminishes  for  the  Li-rich 
cathode  materials.  It  is  considered  that  the  Li-rich  cathode 


material  shows  good  cycle  performance,  because  the  lat¬ 
tice  volume  change  and  the  distortion  accompanied  by 
charge-discharge  cycles  decreases. 

Especially,  a  hybrid  Electric  Vehicle  (HEV) 
needs  high-power  batteries  compared  with  a  pure-EV. 
High-rate  performance  is  also  an  important  point  for  ap¬ 
plying  the  Li-rich  cathode  to  HEV  batteries.  High-rate 
discharge  tests  were  examined  to  clarify  this  point.  The 
Li-rich  cathode  material  shows  excellent  performance  at 
high  discharge  rate  as  shown  in  Fig. 2.  The  high-rate  per¬ 
formance  is  also  improved  drastically.  The  discharge  ca¬ 
pacity  at  2C  is  90  %  of  the  initial  capacity.  The  results 
indicate  that  the  Li-rich  spinel  cathode  has  a  good  poten¬ 
tial  for  high-power  batteries. 


Fig.l  Cycle  performance  of  manganese  spinel  cathodes. 


Fig.2  High-rate  discharge  characteristics  of  manganese 
spinel  cathodes. 
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Synthesis  of  polycrystalline  powder  of 
LixCo0.085Cr0.01502  from  poly(vinyl  alcohol) 
gel  (a  PVA-precursor)  is  reported. Charge  -discharge 
property  is  studied  by  using  a  coin  type  cell  containing 
LiXCoO. 08500.01502  as  cathode  material,  and  Li 
metal  as  the  anode,  in  a  potential  range  of  2.5- 
4.5V.The  cathode  LiXCo0.085Cr0.01502  exbhits  re¬ 
versible  capacity  of  160  mAhg-1  initially.  The  cycling 
reversibility  for  the  cell  with  LiXCo0.085Cr0. 01502 
prepared  from  the  PVA  precursor  was  observed  to 
be  much  better  than  that  with  the  one  prepared 
by  the  high  cost  of  cobalt, LiMn204[l]  LiNi02  and 
LiCoXNil-X02[2]  are  considered  to  be  attractive 
because  of  the  fact  that  they  are  inexpensive  and 
they  provide  higher  capacity.  In  addition,  substituted 
LiCo02  may  possess  high  reversible  capacity  and  this 
is  of  great  significance. 
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LiCrxMn2-x04  SOLID  SOLUTIONS  FOR 
LITHIUM  BATTERIES 
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Manganese  dioxide  has  been  widely  employed  as  a 
cathode  material  in  lithium  non-aqueous  cells.  Be¬ 
cause  of  good  rechargeability  spinel  LiMn204  has 
gained  importance  as  cathode  material  in  lithium 
rechargeable  cells.  Several  approaches  have  been  made 
to  combat  the  problem  of  Jahn-Teller  distortion  in 
the  LiMn204  phase.  Substitution  of  manganese  in 
LiMn204  by  trivalent  transition  metals  is  one  such. 
In  this  paper,  results  of  a  study  of  the  influence  of 
Cr3+  as  a  substituent  in  LiMn204  are  presented.  The 
compositional  range  of  LiCrxMn2-x04  was  0  j  x  j  0.4. 
Solid-state  route  has  been  employed  for  the  prepara¬ 
tion  of  this  compound.  Kinetics  of  formation  of  these 
compounds  has  been  studied  by  TG-DTA  and  phase 
characterization  has  been  done  using  XRD. 
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Since  the  commercialization  of  the  carbonLiCo02  cell 
by  Sony  Energytec  in  1990,  solid  solutions  of  LiCol- 
yNiy02  (a  NaFe02  type)  and  their  end-members  Li- 
Co02  and  LiNi02  have  received  much  attention.  The 
two  homologous  end-members  possess  high  theoretical 
discharge  capacities  of  274  mAhg  which,  however,  can¬ 
not  be  tapped  fully  owing  to  structural  instabilities  in 
the  former  and  cation  disorder  in  the  latter. 

LiCol-yNiy02  solid  solutions  show  lower  insertion  po¬ 
tentials  compared  to  the  pure  LiCo02  phase.  Nickel 
substituted  LiCo02  phases  are,  therefore,  expected  to 
be  oxidatively  less  taxing  on  the  electrolyte  and  to  re¬ 
tain  good  lamellar  structure  upon  repeated  cycling.  In 
this  paper  we  compare  the  physico-chemical  character¬ 
istics  of  LiCo02  and  LiCol-yNiy02  (0  j  y  j  0.2)  ob¬ 
tained  by  a  solid-state  route  and  analyzed  using  XRD, 
FTIR  and  TG-DTA  techniques.  The  effect  of  substi¬ 
tution  of  nickel  for  cobalt  in  layered  LiCo02  phase  on 
the  cell  voltage,  discharge  capacity  and  cyclability  has 
been  discussed. 
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Spinel  lithium  manganese  oxide,  LiMn204,  is  beset 
with  problems  of  capacity  fading  upon  repeated  cy¬ 
cling.  The  loss  in  capacity  upon  cycling  is  attributable 
to  Jahn-Teller  distortion  and  manganese  dissolution  in 
the  electrolyte  in  the  charged  state.  One  way  to  cir¬ 
cumvent  this  capacity  fade  is  to  introduce  other  3d 
transition  metal  ions  in  the  LiMn204  lattice.  In  this 
paper,  we  report  on  the  effect  of  partial  substitution 
of  manganese  in  the  LiMn204  phase  with  copper  (II) 
and  chromium  (III)  ions.  The  substituted  compounds 
were  synthesized  using  a  solid-state  fusion  method  and 
characterized  using  XRD,  FTIR  and  TG-DTA  tech¬ 
niques.  Chromium  bestows  greater  beneficial  effect  on 
the  electrochemical  discharge  behaviour  of  the  cathode 
than  does  copper. 
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Structural  and  Electrochemical  Studies  of  Layered 
Li(Mni.yMy)02  Based  Compounds.  II.  M  =  Ni. 
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A.R.  Armstrong  and  P.G.  Bruce 

School  of  Chemistry,  University  of  St.  Andrews,  St. 
Andrews,  Fife,  KY16  9ST,  U.K. 

Considerable  effort  of  late  has  focused  on  the 
advancement  of  Li-ion  technology  driven  primarily  by 
consumer  demand  for  affordable  renewable  power 
sources.  The  properties  required  of  a  new  material  for 
application  as  a  positive  electrode  in  these  state  of  the  art 
devices  are  wide  ranging.  The  material  must  be 
inexpensive,  non-toxic  and  safe  while  retaining  a  high 
specific  capacity  and  low  fade  rate  over  many  cycles.  In 
this  regard,  lithium  manganese  oxide  based  materials  have 
shown  much  promise. 

Manganese  oxides  exhibit  numerous  different 
structure  types  of  which  the  3D  framework  spinel, 
LiMn204  has  been  investigated  extensively  as  a  possible 
cathode  candidate1"2 3 4.  However,  compounds  based  on 
layered  LiMn02  are  of  interest  because  they  can  support  a 
higher  specific  capacity5 *'8.  In  particular,  we  have  shown 
that  doping  with  small  quantities  of  Co  into  the  layered 
03  structure  improved  the  fade  on  cycling9,10.  These 
results  show  that  the  properties  of  such  materials  can  be 
tailored  by  changing  subtly  the  composition. 

Recently,  we  have  prepared  a  family  of  single 
phase,  nickel  doped  layered  LiMn02  03  type  materials, 
Li*(Mn,.yNiy)02  (0>y>0.1),  Figure  1.  These  materials 
were  formed  by  first  preparing  the  sodium  phase  then  ion 
exchanging  in  various  Li  media. 

The  dopant  level  and  ion  exchange  conditions 
have  a  profound  effect  on  the  electrochemical 
performance.  Figure  2  shows  that  Lix(Mno.9Ni0.i)()2 
exhibits  an  initial  capacity  in  excess  of  220  mAhg'  .  On 
extended  cycling  (>50  cycles)  at  a  cycling  rate  of  25 
mAg'\  Lix(Mno.925Ni0.o75)02  retains  a  capacity  of  185 
mAhg'1,  which  corresponds  to  a  cycling  efficiency  of 
>99.8%  per  cycle. 

Structural  investigation  using  ex-situ  powder 
XRD  has  been  carried  out  to  elucidate  the  origin  of  the 
different  behaviours  exhibited  by  these  Ni  doped  lithium 
Mn  oxide  materials.  Analogous  to  the  Co  doped  materials 
it  appears  that  there  is  a  transformation  to  a  spinel-like 
material  during  cycling.  The  extent  of  conversion  is  very 
dependent  on  synthesis  conditions. 

This  paper  will  discuss  the  interplay  between 
preparation,  structure  and  electrochemical  properties  of 
these  Ni  doped  LiMn02  materials. 
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Figure  1 .  Powder  XRD  pattern  of  LixMn0,925Nio.o7502- 


Figure  2.  Cycling  data  for  LixMn].yNiy02,  y  =  0.1,  0.075 
Rate  =  25mAg'1,  V|iraits  =  2.4-4.8V. 
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Layered  transition  metal  oxides  of  the  formula  LiM02 
have  good  lithium  insertion  properties  for  which  rea¬ 
son  LiCo02  and  LiNi02  have  been  exploited  in  prac¬ 
tical  lithium  rocking  chair  batteries.  Another  mem¬ 
ber  of  the  LiM02  series,  LiFe02,  should  be  an  at¬ 
tractive  cathode  material  considering  the  cheapness 
and  environment-friendliness  of  iron  compounds.  Its 
rock-salt  structure,  however,  does  not  allow  significant 
amounts  of  lithium  to  be  reversibly  intercalated  in  its 
structure.  Synthesis  of  layered  LiFe02  and  study  of 
its  lithium  intercalating  properties  have  been  of  lim¬ 
ited  success.  Therefore,  an  attempt  has  been  made 
here  to  study  LiCol-yFey02  solid  solutions  (0  y  0.2) 
as  prospective  cathode  materials.  Variation  of  cationic 
distribution  in  the  0  y  0.2  compositional  domain  is 
discussed.  The  electrochemical  discharge  capacity  of 
these  materials  is  explained  as  a  function  of  the  iron 
content. 
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ABSTRACT: 

Substitution  of  Mn  with  small  amounts  of  other 
metal  elements  M  (such  as  Li)  on  the  16d  octahedral  sites 
in  the  spinel  structure  has  been  found  to  improve  the  cycle 
life  of  Li/Lix[MyMn2.y]04  cells.  These  substituted  metal 
elements  on  the  octahedral  sites  are  regarded  as 
electrochemically  inactive  in  the  range  of  potentials 
studied  (3.5  -  4.3  V).  Recently,  numerous  publications 
reported  a  near  5  V  redox  reaction  associated  with 
substituted  lithium  manganese  spinel  Li[MxMn2.x]04 
compounds  vs.  lithium  [1-14].  These  materials  are  of 
interest  for  the  positive  electrode  in  the  lithium 
rechargeable  cells  as  they  offer  higher  gravimetric  or 
volumetric  energy  densities  than  standard  LiMn204. 
Structural  characterization  studies  suggested  that  this 
lithium  intercalation/deintercalation  reaction  near  5  V  was 
attributed  to  the  redox  of  substituted  transition  metal  in 
the  spinel  structure.  However,  the  similarity  in  the  redox 
potentials  of  different  transition  metal  elements  in  the 
spinel  structure  is  abnormal  as  the  redox  reactions  of  3d 
transition  metal  ions  normally  occur  at  distinct  voltages. 
In  addition,  the  first-principles  calculations  indicated  that 
the  raise  in  the  lithium  intercalation  voltage  was  related  to 
the  increase  in  the  tendency  for  the  redox  of  oxygen  [15- 
16].  Therefore,  there  is  an  apparent  discrepancy  between 
experimental  and  theoretical  studies  with  regard  to  the 
origin  of  the  -5  V  reaction.  We  believe  that  comparing 
the  effects  of  non-transition  and  transition  metal 
substitution  on  the  lithium  intercalation  voltages  might 
provide  more  insights  into  the  root  cause  of  this  reaction. 
In  addition,  the  change  in  the  valence  of  manganese  ions 
in  the  spinel  structure  upon  substitution  will  be  correlated 
with  the  presence  of  this  ~5  V  reaction. 

Chemical,  structural  and  electrochemical  studies  of 
cobalt,  aluminum  and  titanium  substituted  lithium 
manganese  spinel  compounds  were  compared  in  this 
work.  Single-phase  Li[MxMn2.x]04  (x  =  0.5  and  M  =  Co, 
A1  and  Ti)  spinel  compounds  were  prepared.  Structural 
refinements  of  X-ray  powder  diffraction  patterns  showed 
that  the  lattice  parameter  of  the  spinel  structure  was  found 
to  decrease  upon  substitution  of  Co3+  and  Al3+  but  to 
increase  for  Ti4+  substitution,  as  shown  in  Table  I  [17]. 
The  change  in  the  spinel  lattice  parameter  was  found 
consistent  with  the  concentrations  of  Mn3+  and  Mn4*  ions 
expected  for  Co3+,  Al3+  and  Ti4*  substituted  spinels. 

Cyclic  voltammetry  data  of  Li/Li [Coo^Mni  5]04, 
Li/Li[Alo.5Mn1.5]04,  and  Li/Li[Tio.5Mni.5]04  cells,  with  a 
scanning  rate  of  O.lmV/s,  are  shown  in  Figure  1.  A 
reversible  reaction  near  5  V  was  observed  for  the 
Li/Li[Co0.sMn i ,5]04  cell,  which  was  associated  with  the 
redox  of  Co3+/Co4+  ions.  This  is  consistent  with  that 
reported  in  the  literature.  However,  an  oxidation  step  at 
~5  V  was  also  observed  in  Li/Li  [Alo.5Mni.5]04  cells  and  it 
was  not  reversible  upon  reduction.  The  presence  of  this 
~5  V  reaction  in  Li/Li[Al0.5Mni.5}O4  could  not  result  from 
the  redox  of  Al3+  in  the  spinel  structure.  Therefore,  this  ~5 
V  reaction  observed  in  Li[MxMn2.x]04  spinels  could  not 
be  attributed  solely  to  the  redox  of  substituted  metal  ions. 
Moreover,  it  was  found  that  Li/Li  Li/Li[Tio.sMni  5]04 
cells,  similar  to  Li/Li[Mn2]04  cells,  did  not  show  any 
redox  reactions  at  voltages  above  4.6  V  vs.  lithium. 

Li[Co0.5Mn1.5]O4  and  Li[Al0.5Mni.5]O4  that  were 
found  to  possess  a  ~5  V  reaction  had  Li/Mn3+  ratios  larger 
than  I.  They  were  different  from  standard  Li[Mn2]04  and 
Li[Tio.5Mni.5]04  in  the  Li/Mn3+  ratio,  which  had  Li/Mn3+ 
ratios  equal  to  1 .  It  is  believed  that  having  a  Li/Mn3+  ratio 
larger  than  1  is  essential  for  the  presence  of  ~5  V  reaction 
in  the  Lix[MyMn2.y]04  spinels. 
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Table  I  Structural  parameters  of  spinel  compounds  refined 
_ by  the  Rietveld  method  [17]  _ 


Nominal 
Compositions  of 
Spinel  Samples 

Lattice 

Parameter 

(nm) 

Oxygen 

Position 

“x” 

Li[Mn2]04 

0.8242(1) 

0.263(2) 

Li  [CoosM  n  i  .5]  04 

0.8134(1) 

0.263(1) 

Li[Alo  sMni  5]04 

0.8166(2) 

0.262(2) 

Li[Tio  5Mni.5]04 

0.8288(2) 

0.262(2) 

Figure  1  Cyclic  voltammetry  data  of  Li/Li[Coo.5Mni.5]04, 
Li/Li[Al0  5Mni.5]04,  and  Li/Li[Tio.5Mn1.5]04  cells,  under  a 
scanning  rate  of  O.lmV/s. 


Abstract  No.  263 


Electronic  structure  of  LixNiOy  thin  films 

Urbano,  A.1,  deCaslro,  Sandra  C. Landers,  R. 

Morais,  J, *,  Siervo1,  A.  D.,  Gorenstein.  ,A  Tabacniks, 
M.H2.  Fantini,  M.C.A. 2 

'llniversidade  Estadual  de  Campinas,  Instituto  de  Ffsica 

"Gleb  Wataghin"  -  annette@ifi.unicamp.br 
2Universidade  de  Sao  Paulo,  Instituto  de  Ffsica- 

In  this  work,  thin  films  of  LixNiOy  were  deposited 
by  r.f.  reactive  magnetron  sputtering,  in  an  02+Ar 
atmosphere.  The  target  material  was  produced  by  heat 
treatment  of  LiOH.H20  and  Ni(N03)2.6H20  mixture.  The 
final  powder  was  cold  pressed,  in  the  dimensions  of  the 
target.  The  total  pressure  during  deposition  was  7.0xl0'3 
mbar  the  power  was  50  W,  and  the  02  flow  was  varied. 
The  target  material  and  the  films  were  analyzed  by 
Rutherford  Backscattering  Spectroscopy  (RBS)  and  X- 
Ray  Diffraction.  The  electronic  structure  was  analyzed  by 
photoelectron  spectroscopy,  using  either  X-Ray  (A1  Koc) 
or  Synchrotron  Light  (120  eV).  The  last  experiments  were 
done  at  the  TGM  beamline,  National  Lab.  Synchrotron 
Radiation,  LNLS,  Campinas,  Brazil,  using  the  Surface 
Physics  Station. 

Table  I  presents  the  position  and  relative 
contribution  of  the  carbon  line  (Is)  obtained  by 
Photoelectron  Spectroscopy  (XPS  data).  These  lines 
present  three  main  contributions.  The  most  important 
contribution  is  centered  at  -289  eV,  and  is  characteristic 
of  a  carbonate  contribution.  The  values  for  Li2C03 
reference  powder  are  also  shown.  Table  II  presents  the 
atomic  ratios. 

For  the  sample  deposited  in  Ar  atmosphere  (<f»=0) 
the  01s/Ni2p  ratio  is  31  (XPS  value),  but  the  value 
obtained  by  RBS  is  0/Ni=1.5.  For  all  samples,  the  Ols/Ni 
2p  ratio  is  very  great,  in  comparison  to  the  values 
obtained  by  RBS.  These  values  can  be  accepted  only  if  an 
important  contamination  of  the  film  surface  by  Li2C03  is 
assumed.  The  valence  band  spectra  also  presents  the 
characteristic  pattern  of  Li2C03  contamination  (  Fig.l). 
The  Li  Is  line,  e.g.  is  shifted  to  higher  energies  (55ev). 

The  target  material  were  analyzed  by  XRD.  The 
fresh  powder  did  not  present  any  carbonate 
contamination,  but  after  some  depositions,  diffraction 
lines  from  carbonate  were  present  in  the  diffiratograms. 


Table  I 


Cls  Lines 


Cls 

Sample 

A 

B 

C 

$=  9  seem 

289.2 

[21] 

287.4 

19] 

284.6 

[70] 

<(>=4.5  seem 

289.9 

[37] 

284  6 
[63] 

$=0  seem 

289.9 

[71] 

284.6 

[29] 

Li2C03 

289.7 

JZU _ 

284.6 

163] 

Table  II 


Atomic  ratios 


Ols/ 

Cls 

Ols/ 

Cc03 

Ols/ 

Ni2p 

02s 1 

Ols 

Lils/ 

02s 

*=9 

seem 

0.7 

3.2 

10 

1.6 

0.70 

4>=4.5 

0.8 

2.2 

37 

1.5 

1.02 

<|>=0 

1.6 

2.3 

31 

1.4 

1.05 

LiiCOj 

0.94 

2.5 

0.80 

1.2 

Binding  Energy  (eV) 


Figure  1 

Photoemission  spectra  obtained  at  low  photon  energies 
(120  eV)  for  samples  deposited  at  different  02  flows.  The 
spectra  for  LiF  and  Li2C03  reference  compounds  are  also 
presented. 
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INTRODUCTION 

Lithium  secondary  batteries  have  been  intensively  studied 
due  to  the  technological  importance  provided  by  their 
high  specific  energy  (1).  Several  materials  have  been 
investigated  in  order  to  improve  the  electrochemical 
performance  of  lithium  secondary  batteries.  Layered  and 
spinel  oxides  are  promising  materials  to  be  used  as 
cathode  electrodes  due  to  high  potential  versus  lithium 
and  high  volume  capacity  which  favors  lithium  ions 
intercalation/deintercalation.  However,  the  synthesis 
complexity  and  expensive  processes  of  the  layered  oxides 
have  became  the  LiMn204  spinel  more  interesting  as 
cathode  electrode  (2).  The  disadvantages  of  the  LiMn204 
are  the  lower  specific  capacity  than  cathodes  based  on 
layered  oxides  and  capacity  loss  upon  cycling  (3). 
Therefore,  several  methods  of  synthesis  have  been 
evaluated  to  improve  the  electrochemical  performance  of 
these  cathode  electrodes. 

The  aim  of  the  present  work  is  to  analyze  the  physical  and 
electrochemical  properties  of  the  LiMn204  spinel  powders 
obtained  by  combustion  synthesis. 

EXPERIMENTAL 

The  preparation  of  the  LiMn204  powders  by  combustion 
synthesis  was  carried  out  by  mixing  manganese  nitrate 
tetrahydratade  and  urea  (fuel)  with  purified  water  in  a 
glassy  silica  crucible.  The  manganese  nitrate/urea  ratio 
used  was  1:1.75  mol%.  The  mixture  was  heated  up  to 
200°C  until  the  ignition  and  the  combustion  reaction 
carries  out.  The  resulting  material  was  heated  at  800°C  for 
4  h  using  a  heat  rate  of  5°C/min. 

The  resulting  materials  before  and  after  heat  treatment 
were  analyzed  by  X-ray  diffraction  (XRD)  (SIEMENS, 
model  D5000,  CuKa)  and  scanning  electronic 
microscopy  (SEM)  (ZEISS,  model  DSM  960).  The 
specific  surface  area  values  were  obtained  by  B.E.T. 
isotherms  with  N2  adsorption  (MICROMETRICS,  model 
ASAP  2000). 

Cathodes  based  on  LiMn204  powders  were  prepared 
mixing  poly(vinyiidene  fluoride)  (PVDF),  carbon  black 
and  LiMn204  powders  in  the  ratio  of  5:10:85  w/w% 
respectively. 

Electrochemical  cells  were  prepared  using  lithium 
metallic  plates  as  counter  and  reference  electrodes.  The 
electrolyte  used  was  a  mixture  of  ethylene  carbonate  and 
dimethyl  carbonate  (1:1  v/v).  The  support  electrolyte  was 
lithium  perchlorate  anhydrous.  All  of  electrochemical 
measurements  were  performed  in  a  dry  box  with  argon 
atmosphere. 

Cyclic  voltammograms  were  performed  at  0.1  mVs'1  in 
the  range  from  3.5  to  4.5V.  Charge-discharge  curves  were 
obtained  at  C/30  rate  (70jiA)  in  the  range  from  4.2V  to 
2.5V.  EIS  data  were  obtained  at  3.0V,  4.05V  and  4.2V  dc 
potentials  that  correspond  to  equilibrium  potential,  first 
anodic  peak  potential  and  second  anodic  peak  potential 


observed  on  cyclic  voltammograms,  respectively.  The  ac 
potential  applied  was  5  mV  rms  and  the  frequency  range 
was  100  kHz  up  to  1  mHz.  The  equipment  utilized  were 
potentiostat/galvanostat  (EG&G,  model  283)  and 
frequency  response  analyzer  (SOLARTRON,  model  SI 
1260). 

RESULTS  AND  DISCUSSION 
Physical  Characterization 

The  formation  of  the  LiMn204  was  observed  by  X-ray 
diffraction.  However,  it  was  also  observed  the  formation 
of  the  Mn203  spinel  when  the  resulting  materials  were  not 
calcinated.  The  LiMn204  single  phase  was  observed  after 
heat  treatment  at  800°C  for  4  h.  The  specific  surface  area 
value  observed  was  1.9  m2g'\  SEM  photomicrographs 
show  that  the  particles  are  agglomerated  and  compacted 
with  particle  sizes  in  the  range  from  500nm  up  to  1 .5|am. 

Electrochemical  Characterization 

Cyclic  voltammograms  of  cathodes  based  on  LiMn204 
obtained  by  combustion  synthesis  presented  two 
reversible  process,  usually  observed  in  LiMn204  systems. 
The  anodic  scan  is  related  to  the  oxidation  of  Mn3+  to 
Mn4*  with  lithium  ion  deintercalation.  The  reverse 
processes  are  observed  in  the  cathodic  scan. 
Charge-discharge  curves  showed  the  limite  value  of  the 
energy  capacity  at  the  first  discharge  of  107  mAhg"1.  This 
value  is  in  agreement  to  the  values  reported  of  LiMn204 
cathodes  obtained  by  different  methods  (1). 

The  impedance  spectrum  at  3.0V  dc  potential  consists  of  a 
Randles  circuit  at  high  frequencies  from  100  kHz  up  to 
~0.1  kHz  and  a  CPE  behavior  at  intermediate  and  low 
frequencies  range  from  ~0.1  kHz  up  to  1  mHz  related  to 
electrode  interface  (low  frequency  dispersion).  In  the 
4.05V  and  4.2V  dc  potential  two  arcs  are  observed  at  high 
and  intermediate  frequencies.  At  low  frequency  a  linear 
diffusion  impedance  behavior  is  observed  and  can  be 
represented  as  Warburg  impedance.  The  first  arc  at  higher 
frequencies  is  related  to  Randles  circuit  elements.  The 
nature  of  the  second  arc  could  be  related  to  the  charge 
capacity  or  to  the  grain  boundaries  in  the  composite 
cathode. 

CONCLUSIONS 

LiMn204  spinel  powders  can  be  obtained  by  combustion 
synthesis  as  single  phase  presenting  good  performance  to 
be  used  as  cathode  component.  It  was  verified  that 
LiMn204-based  cathodes  have  good  electrochemical 
performance  and  are  quite  promising  for  lithium 
secondary  batteries. 
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Introduction. 

We  present  the  findings  of  new  studies 
on  the  structure  of  Lix(Nii.yCoy)02.  The  aims  of 
these  studies  were  to  examine  the  effects  of 
sintering  temperature,  sintering  time,  Li  and  Ni 
content  on  the  structure  of  these  phases  and  the 
effects  on  the  electrochemical  properties.  The 
structures  of  the  samples  have  been  examined 
using  powder  x-ray  and  neutron  diffraction. 
Structure  determination  was  performed  using 
Rietveld  analysis.  Studies  1  to  3  were  performed 
on  Lix(Nio.gCoo.2)02  samples. 

Results.  1.  Effects  of  sintering  temperature. 

It  was  found  that  the  sintering 
temperature  primarily  affects  the  degree  of  Li  3a 
site  disorder.  From  our  studies,  we  have  found 
that  a  sintering  temperature  of  725°C  produced 
the  samples  with  the  lowest  disordering.  This  is 
shown  in  figure  1.  When  interpreted  in 
conjunction  with  charge/discharge  experiments  it 
was  clearly  seen  that  that  the  Li  occupancy  has  a 
direct  effect  on  electrochemical  properties. 
However,  it  was  noted  that  the  Ni+Co  occupancy 
varied  as  a  function  of  sintering  temperature, 
which  has  been  interpreted  as  being  due  to  the 
presence  of  Li  on  the  3b  site. 

2.  Effects  of  sintering  time. 

In  the  second  study,  we  examined  the 
effects  of  sintering  times  on  the  structure.  We 
prepared  samples  with  sintering  times  of  3,  24, 
48  and  96  hours.  It  was  found  that  the  Li 
occupancy  on  the  3a  site  increased  as  the 
sintering  time  increased,  with  a  maximum 
obtained  for  the  sample  sintered  for  48  hours  (see 
figure  2).  The  sample  sintered  for  96  hours, 
however,  was  found  to  have  the  highest  initial 
electrochemical  capacities.  This  could  be  an 
indication  of  the  effects  of  short-range  order  on 
the  electrochemical  properties  [1,2] 

3.  Effects  of  Li  content. 

For  this  study,  we  examined  the  effects 
of  increased  Li  content  in  the  initial  starting 
mixture.  Samples  were  identical  to  those 
presented  in  study  1 ,  but  with  higher  Li  contents. 

It  was  found  that  these  samples  exhibited 
superior  Li  3a  site  order,  but  the  deviation  in 
Ni+Co  occupancy  was  greater  than  that  seen  in 
study  1 .  This  is  further  evidence  to  support  3b 
Li.  (shown  in  figure  3.) 

4.  Effects  of  Nickel  content. 

In  this  final  study,  we  examined  the  role 
of  Ni  content  on  the  structure  of  our  materials. 
We  prepared  samples  of  Li(Ni].yCoy)02  (y=0  to 
0.3).  Samples  prepared  with  0.25  and  0.3  were 
found  to  have  small  amounts  of  Li  disorder 
(neutrons),  which  is  contrary  to  previous  reports 
in  the  literature.  This  is  shown  in  figure  4. 
Electrochemical  measurements  on  the  0.1  and 
0.15  samples  also  suggested  the  probability  of 


phase  transitions  on  charge,  which  are  believed 
to  be  similar  to  that  seen  for  LiNi02. 

Conclusions. 

Our  structural  studies  suggest  that  the 
structure-property  relationships  of  lithium  nickel 
cobalt  oxides  are  more  complex  than  originally 
envisaged.  Our  results  have  consistently 
suggested  the  possibility  of  a  new  structure 
model,  with  Li  also  present  on  the  3b  site. 

We  will  present  the  findings  of  our  new  structure 
studies  and  show  the  effects  that  these  subtle 
differences  have  on  the  electrochemical 
properties. 


[1]  J.  Thomas,  Private  communication. 

[2]  R.  Gover,  J.  Power  sources,  In  press. 
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Figure  1.  Li  3a  g  versus  sintering  temperature. 


Time  (hours) 

Figure  2.  Li  3a  g  versus  sintering  time. 


Synthesis  temperature  (t/° C) 
Figure  3.  Ni+Co  occupancy  on  3b  site. 


Figure  4.  site  occupancy  of  Li  on  3a  site  from 
neutrons  and  x-rays  diffraction. 
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Polymer  electrolytes  were  discovered  by  B. 
E.  Fenton  et  al.[l]  in  1973.  P.  V.  Wright  et 
al.[2]  then  showed  that  complexes  formed  with 
PEO  and  alkali  metal  salts  exhibit  high  ionic 
conductivity.  Subsequently  these  complexes 
were  proposed  by  M.  B.  Armand  et  al.[3]  as 
polymer  electrolyte  for  solid  state  battery  and 
electrochemical  device  applications.  Polymer 
electrolyte  have  provided  the  interesting 
possibility  of  developing  new  types  of  lithium 
battery,  so-called  lithium  polymer 
battery(LPB)[4],  having  thin  layers.  The  LPB 
is  an  all-solid  state  system  which  consists  of  a 
lithium  ion  conducting  polymer  electrolyte  and 
two  lithium  ion  reversible  electrodes.  The  LPB 
can  be  viewed  as  a  suitable  system  for  wide 
applications,  from  thin  film  batteries  for 
microelectronics  to  electric  vehicle  batteries 
and  load  leveling  batteries.  Adding 
poly(vinylidene  fluoride) [PVDF]  to  PC-EC- 
LiC104  electrolyte,  its  conductivity  becomes 
higher  than  that  of  PEO-PC-EC-LiC104. 
LiMn204  is  an  interesting  active  material  for 
lithium  rechargeable  batteries.  In  this  work  we 
report  the  charge/discharge  properties  of 
LiMn204-polypyrrole(PPy)/  SPE/Li  cells  with 
cycling. 

The  polymer  electrolyte  films  were 
prepared  by  solution  casting  and  heating.  SPE 
film  was  150m  .  The  complex  impedance  of 
the  polymer  electrolyte  was  measured  by  the 
AC  two  electrode  method  using  IM6 
Impedance  Measurement  System(Zahner 
Electrik  Co.).  The  AC  signal  was  applied 
across  the  cells  and  its  frequency  range  was 
from  lOOmHz  to  2MHz.  Composite  cathode 
slurry  was  prepared  by  mixing  LiMn204 
powder  with  PPy  and  SPE  solution.  The 
mixture  slurry  was  stirred  for  6h.  The 
composite  cathode  films  were  prepared  by 
coating  this  slurry  on  A1  foil  current  collector. 
The  area  of  LiMn204/SPE/Li  cells  were  2X2 
cm2.  The  current  density  of  charge/discharge 
cycling  was  0.05  and  O.lmA/cm2.  Preparation 
and  tests  of  cells  were  carried  out  in  argon- 
filled  glove  box. 

The  conductivity  of  PVDFLiC104PCioECio 
with  25wt.%  PVDF  electrolytes  was  2.3x10- 
3  S/cm  at  room  temperature 

PVDFLiC104PCi0ECio  remains  stable  up  to 
4.7V  vs  Li/Li+.  The  discharge  capacity  of 
LiMn204  -PPy  with  7wt.%  PPy  was  135  and 


125mAh/g  at  1st  and  10th  cycle,  respectively. 
Also,  the  discharge  capacity  of  LiMn204-PPy 
with  10wt.%  PPy  was  132  and  122mAh/g, 
respectively.  The  capacity  of  LiMn204 
composite  with  7wt.%  PPy  was  higher  than 
that  of  LiMn204  composite  with  10wt.%  PPy. 
We  suggest  that  capacity  increasing  is  due  to 
doping/undoping  of  anions  in  PPy. 
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Powders  of  lithium  manganese  oxide  are  prepared  by 
the  emulsion  drying  method.  The  powder  characteris¬ 
tics, paticle  size  and  shape,  stochiometry  etc,  could  be 
controlled  by  changing  the  synthesis  conditions.  We 
investigated  the  relaionship  between  powder  chatac- 
teristics  and  electrochemical  properties. 
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In  recent  years,  special  attention 
has  been  paid  to  study,  poly(N- 
vinylcarbazole)  due  to  its  high 
temperature  dielectric,  high  softening 
points,  photoconductive  and 
fluorescence  properties  [1-4].  Many 
questions  about  increasing  of  stability 
and  processability  were  not  answered 
completely. 

On  the  other  hand,  from  the 
point  of  view  of  copolymerization  of 
NVCz  also  holds  a  particular  place,  due 
to  its  capacity  of  forming 
macromolecular  compounds  leading  to 
the  formation  of  copolymers  with 
properties  close  to  those  specificity  of 
PVCz. 

The  copolymer  is  expected  to 
gain  both  conductivity  and  good 
mechanical  properties  from  its  two 
components  through  sacrificing  some  of 
these  qualities  [5]. 

Recently  it  has  been  reported  that 
the  preparation  of  novel  comonomers 
having  low  oxidation  potential,  extending 
conjugation  and  undergoing  facile 
electrochemical  polymerization  to  form 
stable  electroactive  polymers  [6-9].  Our 
studies  on  the  preperation  of 
comonomers  based  on  thiophene- 
ethylcarbazole  and  derivatives  of 
pyrrole-ethylcarbazole  (dimer  and  trimer) 


suggest  that  the  formation  of  alternating 
conjugated  copolymers  exhibiting  the 
properties  of  both  monomers.  CV  of 
such  comonomers  was  compatible  with 
the  homopolymer  of  each  constituent 
(Fig.1  a  and  b). 

The  thermal  analysis  (TGA, 
DSC)  of  carbazole/acry!amide(AAm) 
copolymers  were  indicated  that 
inclusion  of  acrylamide  into  the 
structure  thermally  stabilised  the 
polymer.  The  elipsometry  was 
employed  in-situ,  monitor  the  growth  of 
copolymer  films,  from  the  optical 
properties  of  the  film  layer  thickness 
were  determined.  The  rate  of  polymer 
film  growth  has  a  strong  effect  on  the 
structure  of  the  film.  In-situ 
spectroelectrochemical  results  of 
copolymer  formation  indicated  that 
stable  oligomeric  carbazole  radical 
cations  were  copolymerized  with  other 
monomer  (i.e.  Th,  AAm)  grafting  on  the 
electrode  surface. 

Electropolymerization  mechanism  was 
proposed.  Several  polymerization 
procedures  were  applied,  i.e. 
electroinduced  polymerization, 

electrochemical  polymerization 

techniques.  Conductivites  of 

copolymer  and  composites  were  also 
on  line  with  proposed  mechanism. 


Fia.l  CV  of  DPEtCz  (a),  and  BDPEtCz  fb)  H0'"M)  in  0.1  M  Bu„NPF,/Pt[0.5  mm)  t=  -  20UC 
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For  the  utilization  of  cathode  materials  in 
lithium  ion  batteries,  lithium  manganese  oxide 
has  been  intensively  developed  on  account  of  its 
inexpensive  material  cost,  acceptable 
environmental  characteristics,  and  good  safety. 
However,  LiMn204  has  the  disadvantage  of  low 
discharge  capacity  and  significant  capacity 
fading  during  cycling.  Consequently,  many 
researchers  have  presently  focused  on  improving 
the  electrochemical  performance  of  LiMn204.  It 
is  regarded  that  controlling  the  microstructure  of 
powder  can  enhance  the  capacity  of  eye  lability 
of  LiMn204.  From  the  viewpoint  of  morphology, 
particle  size  of  cathode  materials  is  an  important 
factor  to  influence  the  performance  of  batteries. 

In  this  report,  the  effects  of  particle  size  on  the 
electrochemical  performance  of  LiMn204  have 
been  studied.  A  supersonic  sieving  machine  was 
used  to  sieve  the  powders  with  different  size. 
Scanning  electron  microscopy  (SEM)  was  used 
to  ensure  the  sieving  effect  and  examine  the 
microstructure  of  obtained  powder.  Size 
distribution  and  the  average  particle  size  of  the 
sieved  powders  were  analyzed.  Powders  with 
different  size  were  prepared  as  cathodes  for  cell 
test.  Cells  were  charged  and  discharged  at  0.2 
mA/cm2  within  the  potential  ranging  from  3  V  to 

4.3  V. 

The  relationship  between  the  specific  capacity 
and  the  cycle  number  is  illustrated  in  Fig.  1.  It  is 
seen  that  the  capacity  increases  with  the  decrease 
in  the  particle  size.  In  the  first  cycle,  the  smallest 
power  of  19.9  pm  has  the  highest  capacity  of 

122.3  mAh/g,  while  the  largest  powder  of  53.83 
pm  has  the  lowest  capacity  of  1 1 0  mAh/g.  In 
addition  to  the  difference  in  capacity,  the 
cyclability  also  varies  with  particle  size.  After 
cycling  for  10  times,  the  smallest  powder  has  the 
best  cyclability.  On  the  other  hand,  increasing 
the  particle  size  causes  more  serious  fading 
phenomenon.  The  above  results  imply  that  small 
powder  exhibits  better  electrochemical 
performance  than  the  large  one.  The  large 
surface  area  and  high  packing  density  of  the 
small  particle  is  believed  to  improve  the  capacity 
and  cyclability  of  LiMn204  [1,2]. 


particle  size  in  electrochemical  behavior,  cyclic 
voltammetry  test  was  carried  out.  All  of  the 
specimens  show  two  distinct  peaks,  which 
represent  the  mixed  phases  and  different  stage 
intercalation  of  lithium  ion.  However,  when 
particle  size  decreases,  the  oxidation  potential  is 
increased  for  the  insertion  of  lithium  ions. 
Moreover,  the  peaks  become  broader  with 
decreasing  particle  size.  The  particle  size  is 
found  to  significantly  affect  the  kinetics  of 
intercalation/  deintercalation  processes. 


Figure  1 .  The  effects  of  particle  size  on  the 


capacity  of  LiMn204 
Reference: 
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To  further  investigate  the  difference  of  various 


Abstract  No.  270 


Synthesis  of  nanosized  LiMn204  powder  by  reverse  emulsion  process  for  Li-ion  batteries 


Chung-Hsin  Lu,  Susanta  Kumar  Saha,  and  Shang-Wei  Lin 
Department  of  Chemical  Engineering,  National  Taiwan  University,  Taipei,  Taiwan,  R.O.C. 


Nowadays,  the  demand  for  rechargeable  batteries 
with  high  energy  density  and  high  voltage  has 
increased  rapidly  due  to  the  advancement  and 
popularity  of  portable  electronic  devices.  The  spinel 
LiMn204  is  an  attractive  cathode  material  for  lithium 
ion  batteries,  because  of  its  low  cost  and  lower  toxicity 
compared  with  the  layered  oxides  LiCoO,  and  LiNi02. 
For  the  consideration  of  practical  application,  it  is 
important  to  produce  LiMn204  powders  with  excellent 
capacity  and  eye  lability. 

Here  we  developed  a  new  chemical  method  i.e., 
reverse  emulsion  process  for  synthesizing  ultrafme 
LiMn204  powder.  In  the  reverse  emulsion  process, 
kerosene  was  used  as  the  oil  phase,  and  the  aqueous 
solution  as  the  dispersed  phase.  The  aqueous  phase  was 
prepared  by  dissolving  appropriate  amounts  of  lithium 
and  manganese  salts  in  de-ionized  water.  The  ratio 
between  the  concentration  of  lithium  ion  and  that  of  the 
manganese  ion  was  1:2.  Surfactant  was  added  to  the 
oil  phase  for  increasing  the  stability  of  emulsion.  Then 
the  prepared  aqueous  phase  and  oil  phase  were  mixed 
together,  and  agitated  by  a  homogeneizer  to  obtain 
homogeneous  water-in-oil  emulsion.  After  drying  the 
emulsion,  the  precipitates  were  obtained.  The 
precipitates  were  heated  in  a  furnace  to  obtain  the 
precursor  powder. 

The  precursor  powder  was  heated  at  elevated 
temperature  to  synthesize  the  monophasic  LiMn204 
powder.  X-ray  diffraction  (XRD)  analysis  was 
performed  to  identify  the  compounds  formed  in  the 
quenched  powder.  It  is  found  that  pure  phase  LiMn204 
was  successfully  prepared  by  quenching  the  precursor 
at  as  low  as  400°C.  No  prolonged  calcination  is 
required.  This  emulsion  process  significantly  shortens 
the  reaction  time  for  preparing  LiMn204. 

To  examine  the  reaction  process  and  weight  loss 
of  the  precursors,  the  dry  precursors  were  subjected  to 
thermal  analysis  at  a  heating  rate  of  10°C/min.  In  the 
DTA  curve,  one  endothermic  peak  and  one  exothermic 
peak  are  observed  around  120°C  and  390°C, 
respectively.  The  endothermic  peak  is  considered  to  be 
due  to  the  removal  of  the  moisture  and  volatile  organic 
from  the  precursor.  The  exothermic  peak  at  390°C  is 
attributed  for  the  exothermic  decomposition  of  residual 
organic  present  in  the  precursor. 

Infrared  spectrometry  (IR)  was  used  to  examine 
the  presence  of  organic  species  in  the  quenched 
samples.  The  bands  at  865  and  1400-1600  cm'1  in  the 


sample  quenched  at  400°C  indicate  the  presence  of 
carbonyl  groups  from  organic  species.  The  samples 
quenched  at  500°C  or  higher  temperatures,  the  carbonyl 
group  completely  disappears,  revealing  the  complete 
removal  of  the  organic  species  from  the  sample.  As  for 
the  bands  appearing  at  around  500  and  620  cm'1,  it  is 
attributed  to  the  characteristic  metal-oxygen  absorption 
bands  of  LiMn204. 


Figure  1.  XRD  pattern  of  quenched  LiMn204  samples. 

Scanning  electron  microscopy  (SEM)  and 
transmission  electron  microscopy  (TEM)  were  carried 
out  to  observe  the  microstructures  and  particle  size  of 
the  obtained  powder.  The  powders  exhibit  a 
homogeneous  morphology  in  a  dispersed  state.  The 
particle  size  of  the  obtained  powder  is  within  narrow 
size  distribution  in  the  range  of  30-50  nm.  The 
electrochemical  properties  of  obtained  powder  were 
investigated  in  an  electrochemical  cell,  which 
comprised  a  cathode,  an  anode  and  an  electrolyte  of  1 
M  LiPF6  in  EC/DEC  solution.  As  a  result,  this 
developed  reverse  emulsion  process  successfully 
prepared  monophasic  and  nanosized  LiMn204  with 
good  electrochemical  properties. 
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Lithium  carbonate  is  an  important  starting  material  in 
lithium  ion  and  lithium  metal  battery  applications.  It  is 
used  in  the  manufacture  of  the  electrolyte  salts  such  as 
LiPF6  and  LiBF4  as  well  as  in  the  manufacture  of  both 
cobalt-  and  manganese-based  cathode  structures.  This 
paper  describes  a  unique  patent  process  for  the  production 
of  high  purity  lithium  carbonate,  as  well  as  a  new  route  to 
the  production  of  battery  grade  lithium  metal. 

The  overall  process  developed  by  LIMTECH  for  the 
production  of  lithium  metal  involves  the  purification  of 
technical  grade  lithium  carbonate  obtained  from  brine  salt 
flat  purification  in  Argentina  or  Chile.  The  purification 
process  can  be  used  to  produce  lithium  carbonate  of 
different  purities,  ranging  from  99.9  to  99.999  %.  Once 
the  lithium  carbonate  has  been  purified  to  the  required 
purity  it  is  then  converted  into  lithium  chloride  by 
reaction  with  gaseous  chlorine  in  a  lithium  chloride  melt 
at  temperatures  between  450  and  650°C.  This  method  of 
lithium  chloride  production  produces  lithium  chloride  that 
is  extremely  dry  when  compared  with  alternative  routes. 
The  lithium  carbonate  produced  is  then  ready  for  direct 
use  in  molten  salt  electrolysis  to  give  battery  grade 
lithium  metal.  The  high  purity  of  the  feedstock  means  that 
the  lithium  metal  produced  by  electrolysis  is,  after 
filtration  to  remove  salts  and  other  insoluble  materials,  of 
a  high  enough  purity  to  be  used  in  the  production  of 
lithium  metal  batteries. 

The  process  that  has  been  developed  for  the  purification 
of  lithium  carbonate  is  based  on  the  formation  of  aqueous 
lithium  bicarbonate  by  reacting  lithium  carbonate  with 
carbon  dioxide  at  ambient  temperatures  and  pressures 
between  1  and  10  atmospheres  of  carbon  dioxide. 
Insoluble  impurities  such  as  iron  and  silica  are  then 
removed  by  filtration  from  the  solution.  The  solution, 
still  under  pressure,  is  then  passed  through  a  divalent 
selective  cation  exchange  resin  such  as  those  containing 
aminophosphonic  acid  groups  designed  to  absorb 
divalent  ions  such  as  calcium  and  magnesium  from  the 
solution.  The  next  step  in  the  new  process  is  to  increase 
the  temperature  to  around  100°C  and  to  release  the 
applied  pressure.  Under  these  conditions  the  carbon 
dioxide  is  driven  out  of  the  solution  and  purified  lithium 
carbonate  is  precipitated.  The  purified  lithium  carbonate 
is  then  filtered,  washed  and  dried  to  complete  the  process. 
The  solutions  and  the  washings  arc  partially  recycled.  The 
degree  of  recycle  of  these  solutions  determines  the  purity 
of  the  product,  as  key  impurities  such  as  sodium  and 
sulfate  remain  in  solution  during  the  precipitation  step  of 
the  process.  A  typical  process  flow  sheet  is  shown  in 
figure  1. 


The  effect  of  carbon  dioxide  pressure  on  the  solubility  of 
lithium  carbonate  is  shown  in  figure  2;  the  effect  of 
increasing  the  temperature  on  lithium  carbonate  solubility 
is  shown  in  figure  3. 
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Figure  1 :  Process  Flowsheet 


Figure  2:  Effect  of  pressure  on  lithium  carbonate 
solubility 


Figure  3:  Decreasing  solubility  of  lithium  carbonate  with 
temperature 
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Knowledge  of  the  viscosity  and  conductivity  of 
electrolyte  solutions  is  needed  for  Li-baiteries  use. 
At  the  same  time,  these  physical  properties  provide 
useful  insights  into  solution  structure  and 
interactions.  Butyrolactone  (BL)  is  a  very  common 
dipolar  solvent  having  a  dissociating  power  toward 
Li  salts  like  L1CIO4.  For  this  reason,  it  has  been 
chosen  for  this  study. 

Concentration  dependence  of  viscosity:  the 
Jones-Dole  equation1 

The  viscosity-concentration  relationship  is 
illustrated  in  figure  1  for  LiC104  in  butyrolactone. 
The  solid  line  is  given  by  the  Jones-Dole  equation 
with  a  quadratic  term  added: 

rj/rf  =  1  +AVC  +  BC+DC2 

At  concentrations  ranging  from  0.2  to  2.0  M, 
the  VC  term  is  negligible  and  A  is  equal  to  zero. 
Curve  fitting  gives  B  and  D  values  at  298K:  B= 
0.42  Lmol1,  D=  0.98  L2mol'2.  The  B  term 
originates  in  the  ion-solvent  interaction  and  is 
dependent  on  the  size  of  the  ions.  The  D  term  is 
mostly  controlled  (as  seen  later)  by  coulombic 
interactions  between  ions. 

Concentration  dependence  of  conductivity:  the 
lattice  model 2 

The  equivalent  conductivity-concentration 
relationship  is  illustrated  in  figure  2  for  LiC104  in 
BL.  The  Debye-HUckel-Onsager  treatment  of 
electrolytic  conductivity  has  been  adapted  to  the 
lattice  model  through  the  replacement  of  the  Debye 
reciprocal  length  Kd  by  KL=M(2000NavC)1'3, 
where  M  is  the  analogous  of  the  Magdelung 
constant  for  the  pseudo-lattice,  the  Avogadro’s 
number  and  C  the  molarity  of  the  salt.  The  solid 
line  drawn  on  the  graph  reported  in  Fig.  2  fits 
equation  (2): 

A  -  A°  -  (HA°  +  J)  kl  /3  =  A°  -  K  C,/3 

It  is  found  that  A0  extrapolated  from  the  cube 
root  law  does  not  differ  significantly  from  A° 
obtained  from  the  square  root  law 

Temperature  dependence  of  the  viscosity  and 
conductivity 

Linear  plots  are  obtain  when  the  logarithms  of 
the  viscosity  (Ln  T))  or  the  conductivity  (Ln  k)  are 
plotted  against  the  reciprocal  temperature  1/T.  The 
energies  of  activation  for  the  two  processes  E*, 
and  EaA  are  deduced  from  the  slope.  If  varies 
linearly  with  the  salt’s  concentration,  exhibits  a 
C4/3  dependence  as  shown  in  Fig  3.  The  quasi 
lattice  model  adapted  for  the  activation  energy 
leads  to: 

AE  =  ElA-ET  =  kC48 

with  k  =  2  N4fl.  e  2  M  V...  (lO3)*3  /  4ne°.ErZlfl 
Experimental  value  is  k=1855  J(moi/L>'4/3 
Theoretical  value  using  M=6  is  k=1680  J(moI/L)'4/3 


Figure  1 


Figure  3 

Conclusion 

Here  we  present  experimental  evidence  that  the 
lattice  model  can  be  applied  successfully  to 
electrolytes  solutions  used  in  Li-batteries.  The 
conductivity  and  viscosity  dependencies  on 
concentration  and  temperature  have  been 
highlighted.  Nevertheless  this  model  does  not  take 
into  account  the  nature  of  the  ions  involved  in  the 
transport  process.  Further  research  is  needed  to 
better  understand  ion-ion  and  ion-solvent 
interactions  in  these  media. 

1 G.  Jones  andM.  Dole ,  J.  Am.  Chcm.  Soc.,  51  (1929),  2950 
2  G.  Muiphy,  I  Cfaem.  Soc.  Faraday  Trans.  2, 79  (1983),  1607. 
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As  reported  earlier1,2  and,  also,  in  this 
Symposium3  passivation  of  carbon  particles  used  as 
anode  material  can  be  influenced  by  particle 
pretreatment  in  an  aqueous  solution  of  a 
polyclcctrolyte.  The  Li  loss  on  pretreated  particles  in 
the  first  cycle  can  be  as  low  as  10-15%,  while  the 
reversible  capacity  remains  higher  than  300  mAh/g 
(current  rates  between  to  C/7  and  C/3  have  been 
checked).  The  reduction  of  passivation  is  due  to 
formation  of  a  thin  uniform  film  the  growth  of  which  is 
governed  by  the  uniformly  distributed  polyelectrolyte 
molecules  on  the  surface  of  carbon  particles. 
Furthermore,  certain  polyelectrolyte  types  have  a 
sticky  character  which  glue  carbon  particles  together 
strongly  enough  that  no  conventional  binder  has  to  be 
added  to  the  anode  material  to  prepare  mechanically 
stable  anodes. 

In  this  paper  we  present  an  optimisation  of  the 
polyelectrolyte  properties  with  respect  to  1) 
polyelectrolyte  composition,  2)  specific  groups  present 
on  given  polyelcctrolyte  molecule,  3)  shape  of 
polyelectrolyte  molecule,  4)  pH,  temperature  and 
concentration  of  the  polyelectrolyte  solution  and  5) 
additives  (salts  and/or  surfactants)  in  polyelectrolyte 
solution.  It  is  shown  that  these  parameters  have  a 
significant  impact  on  both  passivation  and  adhesion 
between  carbon  particles. 

The  results  concerning  passivation  are 
explained  in  terms  of  a  generalised  passivation  model 
verified  using  impedance  spectroscopy  measurements 
accompanied  with  typical  charge-discharge  curves  for 
the  selected  case. 

The  binding  properties  of  the  polyelectrolyte 
molecules  are  explained  on  the  basis  of  separate 
Atomic  Force  Microscopy  experiments. 
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The  application  of  ionic  conductors  as  electrolytes  in 
electrochemical  devices  requires  the  development  of 
ionic  conductors  containing  alkali  metal  cations  which  are 
the  most  mobile  species  and  therefore  the  principal 
carriers  of  electrical  current  in  the  presence  of  a  d.c.  field. 
The  ionic  rubber  systems  are  potentially  superior 
electrolytes  for  ionic  devices  [1],  but  their  application  has 
been  held  back  by  the  absence  of  suitable 
electrochemically  stable  low  melting  salts  and  salt 
combinations.  To  achieve  this  requirement  a  synthetic 
strategy  that  focuses  on  the  size  of  the  counter  ion  has 
been  adopted.  Synthesis  of  new  salts  which  are 
chemically  stable  and  have  sufficiently  low  melting  points 
to  be  incorporated  in  room  temperature  stable  liquid 
phases  has  proven  extremely  difficult.  Most  new  salts 
prove  to  have  high  melting  points  so  high  that 
decomposition  occurs  before  fusion.  In  this  work  we 
describe  the  synthesis  of  a  stable  low  melting  lithium  salt 
which  has  the  additional  advantage,  from  the  electrolytic 
cell  point  of  view,  that  it  is  heavily  fluorinated.  This 
confers  certain  advantages  in  cell  performance. 

The  salt  we  have  prepared  is  the  lithium  salt  of  an 
orthoborate  in  which  the  four  oxygens  are  pairwise 
bridged  by  a  perfluorinated  derivative  of  pinnacol,  to  give 
a  giant  anion  containing  24  fluorine  atoms.  For  easy 
visualization,  the  formula  of  the  salt  can  be  written 
LiB[OC(CF3),]4.  The  purified  salt  melts  at  120°C,  and  can 
be  sublimed  at  about  130°C  under  vacuum.  The  DTA- 
TGA  thermogram  shows  that  the  melt  remains  stable  up 
to  about  160°C,  the  limit  of  heating  in  our  experiments. 
The  glass  transition  temperature  cannot  be  measured 
directly  because  of  the  rapid  crystallization  on  cooling 
below  the  melting  point,  However,  by  the  T4/Tm  =  2/3  rule 
for  glassformers,  the  Tf  must  be  well  below  (120+273)  X 
2/3  =  262K  (-11°C).  The  salt  is  soluble  in  all  normal 
electrolyte  solvents,  though  solubility  in  dimethoxy 
ethane,  DME,  is  less  than  1M  at  ambient  temperature. 

The  conductivity  of  the  salt  in  the  molten  state  is 
shown  in  Arrhenius  form  in  Figure  1.  It  is  seen  that  the 
conductivity  is  only  7.1  x  10-6  Scm"'  at  the  melting  point 
120°C  and  has  a  very  large  temperature  dependence.  The 
behavior  is  that  of  a  heavily  ion-paired  salt,  presumably 
because  the  lithium  ions  find  it  difficult  to  relocate 
amongst  the  possible  sites  on  and  between  the  giant 
anion,  special  orientation  of  neighboring  anions  being  a 
requirement  for  the  jump  to  be  possible. 

When  the  salt  is  dissolved  in  solvents  however  the 
picture  is  quite  different.  The  conductivity  of  a  0.6M 
solution  in  DME  is  11.1  x  10-3  Scnf 1  at  25°C,  the  same  as 
that  of  the  1M  DME  solution  of  the  salt  reported  by 
Barthel  et  al.  [2],  lithium  bis{tetrafluoro-l,2- 
benzenediolate  (2-)-0,0’]  borate  LiB(0C4F40)2,  which 
was  the  highest  of  any  1M  DME  lithium  organic  salt 
solution  reported.  This  makes  the  salt  a  candidate  for 
application  in  any  cells  in  which  DME  and  other  ether 
solvents  are  desirable.  The  conductivity  of  the  0.6M 
solution  of  LiB[OC(CFj)2]4  in  DME  is  shown  as  a 
function  of  temperature  in  Arrhenius  form  in  Figure  1. 
The  behavior  of  a  1M  solution  of  LiB[OC(CF3)2]4  in  the 
solvent  with  higher  dielectric  constant,  propylene 
carbonate  (PC),  is  also  shown  in  Figure  1.  The 
conductivity,  2.1  x  10-3  Scm-'  at  25°C,  is  essentially  the 
same  as  that  of  the  common  salt  lithium  triflate  in  PC. 

The  lithium  ion  transference  number  of  this  salt  in 
DME  was  obtained  as  0.57  using  diffusivities  measured 
by  NMR  pulse  field  gradient  (PFG)  Spin  Echo  technique 
(Dwion  =  5.5  x  10“10  mV  and  DLlt  =  6.1  x  10-'°  mV)  and 
correcting  for  ion  pairing  [3].  In  PC,  the  lithium  ion 
transference  number  of  this  salt  was  measured  as  0.53. 
The  high  lithium  ion  transference  number  for  this  salt  is 
due  to  its  giant  perfluorinated  anion.  The  electrochemical 
stability  for  each  of  the  DME  and  PC  solutions  was 
determined  from  cyclic  voltammograms  which  show  the 


electrochemical  window  is  at  least  4.5  V,  probably 
limited  by  the  solvent  in  each  case. 
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Figure  1.  Arrhenius  plots  of  the  ionic  conductivity  of  the 
pure  molten  LiB[OC(CF3)2]4  salt,  a  0.6M  solution  in  DME 
and  a  1M  solution  in  PC. 
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Fig,  1 .  Lithium  compounds  with  boron. 


Many  workers  have  attempted  to  develop  improved 
electrolytes  for  lithium  batteries  with  high  energy  density 
and  good  rechargeability  as  power  sources  for  many 
portable  instruments  and  electric  vehicles  because  of 
protection  against  natural  environment  and  resources. 
Recently,  Barthel  et  al.  reported  new  lithium 
organoborates  as  lithium  salts  for  lithium  battery 
electrolytes,  such  as  lithium  bis[l,2-benzenediolato(2-)- 
0,0’]borate  (LBBB),  lithium  bis[2,3-naphthalenediolato- 
(2-)-0,0’]borate  (LBNB),  lithium  bis[2,2’- 
biphenyldiolato(2-)-0,0’]borate  (LBBPB)  and  lithium 
bis[salicylato(2-))borate  (LBSB),  as  shown  in  Fig.  1.  In 
previous  papers,  we  reported  the  thermal  characteristics 
and  the  electrolytic  behavior  in  propylene  carbonate(PC)- 
l,2-dimethoxyethane(DME),  ethylene  carbonate(EC)- 
DME,  PC-tetrahydrofuran(THF)  and  EC-THF  binary 
solvent  electrolytes  containing  these  lithium  salts. 

The  purpose  of  the  present  study  is  to  elucidate  the 
electrolytic  behavior  and  charge-discharge  characteristics 
of  lithium  electrode  in  PC-  and  EC-tetrahydrofiirans  such 
as  2-methyltetrahydrofuran(2-MeTHF)  and  2,5- 
dimethyltetrahydrofuran(2, 5-DMeTHF)  binary  solvent 
electrolytes  containing  these  lithium  organoborates  in 
comparison  with  those  in  PC-and  EC-based  DME  and 
THF  binary  solvent  electrolytes. 

The  specific  conductivities  in  PC-  and  EC-based 
equimolar  binary  solutions  containing  0.3  mol  dm'3 
lithium  organoborates  at  25  °C  are  shown  in  Table  I.  The 
order  of  specific  conductivities  in  Table  I  is 
LBBB>LBNB>LBSB>LBBPB,  which  is  different  from 
that  of  viscosities  (LBBPB>LBNB>LBSB>LBBB)  in 
these  solutions.  In  LBNB  and  LBSB  electrolytes,  specific 
conductivity  of  LBNB  electrolyte  with  higher  viscosity 
than  that  of  LBSB  becomes  high.  This  means  that  the 
conductivity  of  LBNB  electrolyte  depends  on  the  increase 
in  dissociation  degree  of  LBNB  rather  than  that  of 
viscosity  of  LBNB  electrolyte.  The  lithium  cycling 
efficiencies  in  PC-based  equimolar  binary 
tetrahydrofurans  electrolytes  are  shown  in  Fig.  2.  The 
PC-2-MeTHF  and  PC-2, 5-DMeTHF  electrolytes 
containing  LBSB  show  the  highest  cycling  efficiencies, 
more  than  90  %  at  a  higher  range  of  cycle  number. 
Figure  3  shows  the  lithium  cycling  efficiencies  in  PC- 
DME,  PC-2-MeTHF,  PC-2, 5-DMeTHF  and  EC-2- 
MeTHF  equimolar  binary  solutions  containing  mixed 
electrolyte  of  0.15  mol  dm"3  LBBPB  and  0.15  mol  dm'3 
LiPF6  at  25  °C.  The  mixed  electrolyte  /  PC-2, 5- 
DMeTHF  solution  shows  higher  cycling  efficiency  than 
those  in  PC-2-MeTHF  and  PC-2, 5-DMeTHF  electrolytes 
containing  LBSB  with  the  highest  efficiency  in  Fig.  2.  It 
is  found  that  the  addition  of  LiPF6  to  LBBPB  electrolyte 
contributes  to  the  increase  in  cycling  efficiency  of  the 
electrolyte  containing  LBBPB.  In  conclusion,  the 
LBSB/PC-2-MeTHF  and  LBSB/PC-2, 5-DMeTHF, 
especially  the  mixed  electrolyte  of  LBBPB+LiPF(/PC- 
2, 5-DMeTHF  solutions  are  good  electrolytes  for 
rechargeable  lithium  batteries. 


V0' 


Table  I.  Specific  conductivities  in  PC-  and  EC-based 
equimolar  binary  solutions  containing  0.3  mol  dm'3  lithium 
organoborates  at  25  °C. 


Mixed  solvent 
(mol  ratio  1:1) 

Specific  conductivity  /  mS  cm'1 

LBBB 

LBNB 

LBBPB 

LBSB 

PC-DME 

4.21 

4.25 

1.09 

2.45 

EC-DME 

4.69 

4.76 

_ 

3.03 

PC-THF 

3.77 

3.75 

1.57 

EC-THF 

4.39 

4.30 

- 

2.12 

PC-2-MeTHF 

3.07 

2.97 

0.92 

1.28 

EC-2-MeTHF 

3.53 

3.30 

1.24 

1.54 

PC-2, 5-DMeTHF  2.27 

- 

0.60 

0.87 

Fig.  2.  Variation  of  lithium  cycling  efficiencies  in 

0.3  mol  dm"3  PC-based  tetrahydrofurans  electrolytes  containing 

lithium  organoborates  at  25  °C.  i  =  0. 1  mA  cm"r 


Fig.  3.  Variation  of  lithium  cycling  efficiencies  in 
PC-based  equimolar  binary  solutions  containing  0.15  mol  dm'3 
LBBPB  and  0.15  mol  dm'rLiPF6  at  25  °C.  i  =  0.1  mA  cm 2 
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In  lithium-ion  technology,  lithium  ions  are 
exchanged  between  negative  and  positive  intercalation 
materials.  Insulation  between  negative  and  positive 
electrode  is  provided  by  a  microporous  polyolefine 
separator  that  offers  liquid  electrolyte  channels 
between  the  two  electrodes.  Its  major  characteristics 
are  the  following:  polyolefin  nature,  thickness  of  20  to 
30  pm  and  40%  porosity.  Its  cost  is  expensive  due  to  a 
complex  manufacturing  process.  A  microporous  PVDF 
(polyvinylidene  fluoride)  matrix  has  been  developed  at 
the  SAFT  R&D  center.  This  PVDF  membrane  is 
directly  coated  on  the  negative  electrode  by  phase 
inversion  process  using  two  different  techniques : 
either  immersion  in  a  non-solvent,  or  selective 
evaporation.  The  objective  was  to  tailor  its 
characteristics  (microstructure,  porosity  and  thickness) 
to  manufacture  flat  lithium-polymer  cells  with 
electrochemical  performances  identical  to  lithium-ion 
batteries. 

PVDF  crystallinity  has  a  direct  influence 
on  the  microstructure  type  of  the  membrane  obtained 
by  phase  inversion.  Different  commercial  PVDF 
grades  are  available  with  very  different  crystallinity 
levels.  For  example  Kynar  Flex  2850  (PVDF 
copolymer  with  5%  HFP  from  Elf-Atochem)  has  38% 
crystallinity  and  Kynar  741  (PVDF  homopolymer  from 
Elf-Atochem)  54%  crystallinity.  The  higher  the 
crystallinity  level,  the  smaller  the  poresizes  in  the 
membrane  is.  At  the  same  time,  the  swelling  of  PVDF 
in  liquid  carbonate  based  electrolytes  is  also  linked  to 
the  crystallinity.  Consequently  the  choice  of  PVDF 
grade  is  the  first  parameter  to  adjust  membrane 
characteristics  but  it’s  not  the  only  one.  Membranes 
were  prepared  by  immersion  of  an  acetone  +  PVDF 
solution  in  an  alcohol  with  different  PVDF  crystallinity 
levels.  Membrane  porosity  was  high  (70  to  75  %)  and 
independent  of  PVDF  crystallinity  for  the  range 
studied.  The  average  pore  size  of  the  membrane 
(measured  by  Coulter  porosimetry),  however 
correlated  well  with  PVDF  crystallinity  (figure  1). 

At  present,  it  has  proved  to  be  a 
challenge  to  manufacture  uniform  PVDF  membranes 
on  negative  electrode  with  thicknesses  less  than  40  ptm 
using  phase  inversion  and  retain  the  insulation 
properties.  Therefore,  additional  post-treatments  were 
tested.  The  objective  was  to  reduce  the  PVDF 
membrane  thickness  preserving  insulation  properties 
and  without  affecting  liquid  electrolyte  transport 
between  the  two  electrodes.  Another  objective  was  to 
bond  the  positive  electrode  with  the  PVDF  membrane 
coated  negative  electrode  to  form  flat  cells  in  one 
piece.  Different  combinations  of  pressure  and 
temperature  were  tested  to  achieve  the  objectives. 

PVDF  membrane  and  the  electrodes 
were  made  and  assembled  in  a  non-controlled 
environment  to  form  flat  cells  in  one  piece.  Standard 
active  materials  and  electrolytes  of  lithium-ion  were 
used.  After  careful  drying,  the  cell  stack  was  activated 
with  liquid  electrolyte  and  packed  in  a  pouch, 


manufactured  from  multi-layer  plastic/metal  foils. 
Impedance  measurements  and  cycling  tests  at  C  and 
2C  rates  were  performed  for  different  membrane 
characteristics  and  various  stack  manufacturing 
conditions. 
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Synthesis  of  a  New  Family  of  Fluorinated 
Boronate  Compounds  as  Anion  Receptors 
and  Studies  of  Their  Use  as  Additives  in 
Lithium  Battery  Electrolytes 

H.  S.  Lee,  X.  Q.  Yang,  X.  Sun  and  J.  McBreen 
Brookhaven  National  Laboratory,  Upton,  NY 
11973 

Numerous  studies  have  been  done  on 
developing  new  electrolyte  for  lithium  battery 
with  high  ionic  conductivity,  and  good  chemical 
and  electrochemical  stability.  In  addition  to  the 
research  on  new  salts  and  solvents,  the  use 
cation  receptors  to  reduce  ion  pairing  in  non- 
aqueous  electrolytes  has  been  considered  as  an 
approach  to  improve  the  properties  of 
electrolytes.1  Although  both  cation  and  anion 
receptors  enhance  the  dissociation  of  ion  pairs 
and  increase  the  conductivity  of  electrolytes,  the 
use  of  anion  receptors  is  more  attractive  for  a 
lithium  battery  electrolyte  because  anion 
receptors  increase  the  lithium  transference 
number  in  the  electrolyte.  However,  most 
available  neutral  anion  receptors  complex  with 
anions  through  hydrogen  binding  and  cannot  be 
used  in  lithium  batteries.2  Recently,  we  have 
reported  on  synthesis  of  a  series  of  new  neutral 
boron  compounds  as  anion  receptors  based  on 
the  idea  that  electron-deficient  boron  would 
seek  negative  ligand  from  the  ion  pair.  The 
anion  complexation  effect  of  these  boron 
compounds  was  further  enhanced  by  attaching 
electron- withdrawing  groups.3,4  Here  we  report 
synthesis  of  another  new  family  of  boronate 
compounds.  The  effect  of  these  new  compounds 
on  conductivity  of  lithium  salts  in  non-aqueous 
solution  was  studied.  The  molecular  weights  of 
these  new  boronate  compounds  are  lower  than 
our  previously  reported  boron  compounds. 
Therefore,  their  effects  on  conductivity 
enhancement  are  superior.  They  also  display 
high  electrochemical  stability  up  to  5  V. 

Experimental 

Ten  fluorinated  1,3,2-benzodioxaborole 
and  1,3,2-Dioxaborolane  compounds  were 
synthesized  in  our  laboratory.  The  chemical 
structure  of  these  compounds  was  shown  in 
Figure  1 .  Electrolyte  conductivity 

measurements  were  made  on  a  Hewlett-Packard 
4 129 A  Impedance  Analyzer  using  a  cell  with  Pt 
electrodes.  Electrochemical  stability 
measurements  were  performed  using  a  Solatron 
SI  1287  Electrochemical  Interface  in  the 
potential  dynamic  mode. 


The  ionic  conductivity  of  electrolytes 
based  on  lithium  salts  CF3C02Li  and 
C2F5CC>2Li  dissolved  in  DME  are  very  low, 
with  respective  conductivities  of  only  3.3x1 0‘5 
and  2. lxl O'5  S/cm  at  concentrations  of  0.2  M. 
LiF  is  insoluble  in  this  solvent.  With  addition  of 
compound  1-9  as  additive,  the  conductivities  of 
0.2  M  solutions  of  CF3C02Li  and  C2F5C02Li 
salts  in  DME  were  greatly  increased  to  the  range 
of  l.lxlO'3  to  4. 52x1  O'3  S/cm.  The  conductivity 
enhancement  effect  of  these  compounds 
increases  with  increasing  number  of  the 
electron-withdrawing  groups.  Using  compound 
4  to  9  as  an  additive,  even  LiF  was  dissolved  in 
DME  at  concentration  as  high  as  1.2  M.  For 
example,  when  fully  fluorinated  compound  5 
was  used  as  additive,  the  conductivity  of  LiF 
solutions  in  DME  reached  as  high  as  9.54x1  O'3 
S/cm  at  0.8M. 
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Figure  1  The  chemical  structures  of  fluorinated 
boronate  compounds. 
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Lithium  Bisperfluoroalkylsulfonimides: 

Primary  and  Secondary  Lithium  Battery  Electrolyte  Salts 
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3M  pioneered  the  use  of  lithium  triflate  (CF3SO3'  Li+) 
FC-122,  for  high  performance  primary  lithium  batteries. 
This  presentation  highlights  the  utility  of  lithium  imide 
salts,  (RfS02)2N'  Li+  (Rf  is  a  perfluoroalkyl  moiety)  for 
primary  (1°)  and  secondary  (2°)  batteries. 

In  1992,  3M  commercialized  the  imide  salt  HQ-1 15, 
(CF3S02)2N'Li  +,  lithium  bistrifluoromethylsulfonimide. 
HQ-1 15  shows  excellent  performance  in  1°  batteries  and 
lower  voltage  2°  batteries.  A  limitation  of  HQ-1 15  is  its 
aluminum  pitting  potential  of  3.55  V1  which  limits 
application  in  higher  voltage  lithium  battery  chemistries. 
This  was  resolved  with  introduction  of  the  experimental 
product  lithium  bisperfluoroethylsulfonimide  (BETI), 
(CF3CF2S02)2N‘  Li+,  shown  to  have  an  aluminum 
corrosion  potential  of  4.5V1. 

These  products  are  based  on  the  RfS02-  moiety,  which  is 
basic  to  3M’s  electrochemical  fluorination  production 
capability.  The  imide  salts  are  made  by  the  reaction  of 
RfS02F  with  ammonia,  as,  in  the  case  of  HQ-115: 

2CF3S02F  +  NH3  +  3B:  ->  (CF3S02)2N'  B+  +  2[HB+  F] 

Conducting  the  reaction  in  a  stepwise  manner  allows 
flexibility  for  the  production  of  a  variety  of  imides, 
including  unsymmetrical  imides  such  as  the  methyl  butyl 
imide  (MBI),  CF3S02(C4F9S02)N-  Li+. 

Imide  salts  exhibit  several  features  that  are  important  for 
lithium  ion  batteries;  i.e.  thermal  stability,  hydrolytic 
stability,  redox  stability,  solubility,  corrosion  resistance 
and  conductivity.  For  example,  Figure  1  shows  the 
thermal  stability  of  BETI  relative  to  LiPF6  by  TGA 
analysis.  BETI  shows  no  evidence  of  decomposition 
beyond  300°C. 

Hydrolytic  stability  of  imide  salts  is  excellent,  being 
virtually  unreactive  with  water.  This  lack  of  reactivity 
could  require  a  less  dry  manufacturing  environment  (less 
capitol  cost)  and  less  concern  with  water  that  enters  the 
battery  during  storage. 

The  aluminum  corrosion  potential  with  HQ-1 15  in 
secondary  batteries  is  improved  with  BETI  and  MBI, 

4.5V  and  4.62V  respectively1.  Figure  2  shows  that 
BETI’s  corrosion  current  is  comparable  to  LiPF6  at  4.2V, 
approximately  2  pA/cm2,  at  1  h.  HQ-1 15  and  lithium 
triflate  are,  respectively  10  and  20  mA/cm2;  a  4  orders  of 
magnitude  improvement  in  the  corrosion  current. 

1225  Coin  cell  battery  tests  have  shown  that  high  current 
rates  can  be  achieved  in  1  Molal  imide  solutions.  Figure 
3  shows  the  sustained  discharge  capacity  versus  discharge 
current  density  for  BETI  and  LiPF6.  These  data  support 
the  use  of  BETI  as  a  competitive  2°  battery  salt. 


will  be  presented.  It  has  been  found  that  additives  such  as 
organic  and  inorganic  lithium  salts  can  improve  BETI 
performance  under  high  temperature,  60°C,  storage  and 
cycling. 


Figure  1 .  Thermal  Gravimetric  Analysis 


Figure  2.  Chronoamperometry  of  1M  Electrolytes  in  PC 
at  Aluminum  Electrode  at  4.2V  (vs  Li+/Li) 


Figure  3  Sustained  Discharge  Rate,  1  Molal  LiPF6 
and  BETI  in  EC:DMC  (1/1  ;V/V) 


Imide  salt  issues  with  high  temperature  storage,  high  temp 
cycling  and,  thermal  runaway,  have  been  addressed  and 


'Krause,  L.  J.;  Lamanna,  W.;  Sumerfield,  J.;  Engle,  M.;  Korba,  G.; 
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Despite  the  improvement  and  developments  in  safety 
(PTC,  CID,  shutdown  separator,1-2  chemical  shuttles,3-4 
cathode  additives,1-5  etc)  for  the  lithium  ion  battery,  there 
are  still  some  safety  concerns  associated  with  scale  up  to 
large  scale  applications  such  as  electric  vehicles.  For  this 
reason  some  researchers  have  performed  thermal  stability 
studies  in  these  batteries.6*15  Adiabatic  calorimeters 
(ARC)7- 1(1 12  and  differential  scanning  calorimeters 
(DSC)6-9-14  have  been  the  most  popular  analytical 
techniques  for  these  studies.  These  techniques  have  been 
used  successfully  to  study  the  anode  and  cathode 
materials  in  the  presence  and  absence  of  electrolytes.6-7-9* 
1214  However,  not  much  work  has  been  done  to  study  the 
thermal  stability  of  the  electrolytes  per  se. 

In  this  work  a  DSC  is  used  to  perform  a  thermal 
stability  study  of  LiPF6  EC:EMC  electrolyte.  This  is  one 
of  the  electrolytes  currently  used  in  lithium  ion  batteries 
along  with  mixtures  of  other  carbonates  such  as  PC, 
DMC,  and  DEC.16  This  work  is  the  beginning  of  a  project 
that  involves  the  analysis  of  other  solvents  mentioned 
above. 

The  effect  of  different  variables  on  the  thermal 
stability  of  LiPF6  EC:EMC  was  evaluated:  salt  (LiPF6) 
concentration  effect,  solvents,  EC: EMC  ratios,  and 
heating  rates.  The  electrolyte  solvents  and  salt  were 
purchased  from  EM  industries  Inc.  All  of  them  were  99.9 
%  pure  with  less  than  30  ppm  of  water.  Stainless  Steel 
Hermetic  sealed  pans  from  Haake  were  used  in  the 
experiments.  Samples  between  4.0  and  8.0  mg  of 
electrolyte,  salt,  or  solvents  were  placed  in  the  DSC  pans. 
The  pans  were  hermetically  sealed  by  crimping.  The 
samples  were  prepared  in  a  dry  room  at  a  temperature 
between  22-24  °C  and  a  dew  point  of  -60  °C.  The 
samples  were  run  in  a  DSC  2910  from  TA  Instruments. 
The  weight  of  the  samples  (pans  +  electrolyte)  was  taken 
before  and  after  the  experiment  to  verify  that  the  system 
was  hermetic.  In  all  the  cases,  the  weight  was  kept 
constant  indicating  that  there  were  no  licks  during  the 
experiments. 

Figure  1  shows  the  DSC  curves  for  the  1  M  LiPF6 
EC:EMC  electrolyte  system  and  its  individual 
components  at  10  °C/min  scan  rate.  The  decomposition 
reaction  of  the  salt  with  EC  is  exothermic,  while  the 
reaction  of  the  salt  with  the  EMC  is  endothermic.  The 
reaction  of  the  LiPF6  EC:EMC  is  a  combination  of  the 
individual  reactions  between  LiPF6-EC  and  LiPFg-EMC, 
that  is,  the  endothermic  pick  is  due  to  the  reaction  of 
LiPF6-EMC  and  the  exothermic  pick  is  due  to  the  reaction 
of  LiPF6-EC.  The  EC,  EMC  and  EC:EMC  also 
decompose  due  to  the  temperature  effect  and  these 
reactions  are  exothermic.  The  LiPF6  melts  before 


decomposing.  The  decomposition  reaction  of  LiPF6  is 
endothermic.  Further  analysis  and  additional  results  will 
be  presented. 
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Figure  1 .  DSC  curves  for  1  M  LiPF*  EC:EMC  (1:1) 
and  its  individual  components. 
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Introduction 

The  choice  of  the  electrolyte  solution  is  one  of 
the  key  issues  in  the  development  of  lithium  ion 
batteries.  Electrolyte  degradation  reactions  taking 
place  during  the  formation  process  of  the  battery 
are  of  crucial  importance  for  the  electrochemical 
performance  of  the  battery.  Numerous  studies 
have  been  performed  during  the  past  few  years  to 
clarify  the  degradation  mechanism  of  different 
electrolyte  solutions.  However,  the  main  object  of 
most  of  these  studies  was  focused  on  the  analysis 
of  the  thin  SEI  film  formed  on  the  negative  elec¬ 
trode,  rather  than  on  the  composition  and  the  in¬ 
fluence  of  the  electrolyte  solution  itself. 

We  present  results  about  the  trans-esterification 
reaction  of  ethylmethyl  carbonate  (EMC)  to  di¬ 
methyl  carbonate  (DMC)  and  diethyl  carbonate 
(DEC)  according  to  the  following  equation1,2: 

2  EMC  <-»  DMC  +  DEC 

The  ratio  between  the  concentrations  of  [DMC  + 
DEC]  and  [EMC]  was  monitored  as  a  function  of 
different  constant  current  charging  rates  during 
the  first  charging  cycle. 

Experimental 

Prismatic  open  type  lithium  ion  batteries  (950 
mAh)  with  a  1:1  (w/w)  mixture  of  ethylene  car¬ 
bonate  (EC)  and  EMC  (1  M  LiPF6)  were  used  in 
this  study.  Neither  traces  of  DMC  nor  DEC  could 
be  detected  in  the  fresh  electrolyte.  In  an  argon 
filled  glove  box  (H20,  02  <  10  ppm)  the  freshly 
assembled  open  cells  were  charged  to  4.10  V 
with  different  constant  currents  between  50  mA 
and  1900  mA  (CCCV)  and  the  concentrations  of 
the  resulting  electrolyte  solvents  were  determined 
by  GC  analysis.  Additional  batteries  were  closed 
after  this  first  charging  step  and  cycled  50  times 
between  2.75  and  4.10  V  at  a  1C/1C  rate.  Subse¬ 
quently,  the  composition  of  the  electrolyte  solu¬ 
tion  was  determined. 

Results 

The  figure  shows  that  DMC  and  DEC  are  formed 
during  the  initial  charging  step  in  the  range  of  1-2 
weight  %.  However,  the  concentration  of  the  four 
different  electrolyte  solvents  EC,  EMC,  DMC, 
and  DEC  are  functions  of  the  applied  charging 
current  rate. 

Small  charging  currents  yield  higher  fractions  of 
the  trans-esterification  products  DMC  and  DEC. 


Due  to  the  different  time  frame  of  the  formation 
process  with  the  different  charging  currents  and 
due  to  the  open  cell  setup  one  has  to  scale  the 
results  according  to  the  mass  losses  during  the 
experiment.  The  scaled  ratio  between  the  con¬ 
centrations  of  [DMC  +  DEC]  and  [EMC]  in¬ 
creases  by  a  factor  of  2  going  from  a  2C  to  a  C/20 
charging  current  rate.  Batteries  where  no  charging 
current  was  applied  do  show  no  traces  of  DMC 
and  DEC. 

Further  results  about  the  cycling  performance  of 
the  batteries  and  possible  reaction  mechanisms 


* 

* 


Initial  charging  current  rate  (1CA  =  950mA) 


will  be  discussed. 
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centration  under  the  same  experimental  condi¬ 
tions. 

The  kinetic  data,  possible  reaction  mechanisms 
and  a  comparison  of  the  two  commercial  samples 
will  be  discussed. 
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Introduction 

Protic  impurities  in  the  ppm  range  are  known  to 
have  major  influence  on  the  performance  of  lith¬ 
ium  ion  batteries.  The  high  reactivity  of  LiPF^ 
with  trace  amounts  of  water  to  produce  HF  is 
known1  and  the  negative  role  of  HF  in  lithium  ion 
batteries  is  well  documented2.  However,  little  is 
known  about  the  kinetics  of  the  LiPF6  decompo¬ 
sition  in  electrolyte  solutions  which  are  used  in 
consumer  batteries. 

We  present  results  about  the  HF  generation  of  a 
LiPF6  based  electrolyte  solution  in  ethylene  car¬ 
bonate  (EC)  /  ethylmethyl  carbonate  (EMC)  upon 
addition  of  different  amounts  of  water. 

Experimental 

Electrolyte  solutions  of  the  composition  EC/EMC 
(1:1  w/w)  with  l  M  LiPFe  of  two  suppliers 
(Merck,  Germany  and  Tomiyama,  Japan)  were 
used  (H20  <  20  ppm,  HF  <  35  ppm).  All  experi¬ 
ments  were  carried  out  in  an  argon  filled  glove 
box  under  temperature  control.  A  typical  experi¬ 
ment  was  carried  out  as  follows:  100  ml  of  the 
electrolyte  solution  was  filled  into  a  carefully 
cleaned  aluminum  bottle  and  a  defined  amount  of 
water  was  added.  The  H2O  and  HF  content  was 
checked  periodically.  The  aluminum  content  of 
the  electrolyte  solution  was  determined  at  the  end 
of  the  experiment  by  A  AS.  Experiments  with 
additions  of  100,  250,  500,  750,  and  1000  ppm 
water  have  been  performed. 

Results 

The  figure  shows  the  development  of  the  con¬ 
centrations  of  water  (top)  and  HF  (bottom)  in  the 
electrolyte  solutions  upon  the  addition  of  the 
specified  amount  of  water.  The  initial  reaction 
between  water  and  LiPF6  is  described  by  the  fol¬ 
lowing  overall  reaction: 

LiPF6  +  H20  ->  LiF  +  POF3  +  2HF 
This  first-order  reaction  was  used  to  evaluate  a 
rate  constant  of  the  initial  reaction  in  the  order  of 
10 5  s'1  for  both  electrolyte  solution  systems.  The 
value  corresponds  well  with  literature  data  about 
the  direct  decomposition  of  LiPF6  salt  with  wa¬ 
ter1.  After  prolonged  reaction  time  the  coarses  of 
the  water  and  HF  concentration  show  that  the 
reaction  kinetic  slows  down  notably.  An  electro¬ 
lyte  solution  without  addition  of  water  reveals  no 
significant  change  in  both,  the  water  and  HF  con- 


References 

1.  C.G.  Barlow,  Electrochem.  Solid  State  Lett., 
2,  362(1999). 

2.  See  for  example:  U.  Heider,  R.  Oesten,  and 
M.  Jungnitz,  J.  Power  Sources,  81-82,  119 
(1999). 


Abstract  No.  282 


Direction  de  la  Recherche 


NEW  LI-ION  ELECTROLYTES 
FOR  LOW  TEMPERATURE  APPLICATIONS 

S.  Herrcyre,  O.  Huchet,  S.  Barusseau,  F.  Perton, 

J.M.  Bodet*,  Ph.  Biensan 

SAFT  -  DRE  -  1 13  bid  A.  Daney,  33074  Bordeaux  cedex  FRANCE 
5  SAFT  -  rue  G.  Leclancte,  BP  1039,  86060  Poiriers  cedex  FRANCE 

INTRODUCTION 

In  order  to  allow  new  application  fields  for  Li-ion  batteries, 
one  of  the  main  goals  is  the  increase  of  the  performances  at 
low  temperature.  The  aim  of  this  study  is  the 
developpement  of  new  electrolyte  compositions,  able  to 
lead  to  good  discharge  ability  under  -20°C,  which  is 
presently  the  limitation  with  carbonate  solvent  mixtures. 

EXPERIMENTAL 

Because  of  their  very  low  freezing  point  [1],  specific  esters 
have  been  studied  for  low  temperature  applications:  Methyl 
Acetate  (MA)  [2],  but  also  Ethyl  Acetate  (EA)  and  Methyl 
Butyrate  (MB). 

Formulations  were  optimised  in  term  of  conductivity  and 
compared  to  a  EC/DEC/DMC  mixture,  recently  studied  at 
low  temperatures  [3]. 

Best  compositions  (with  Vinylene  Carbonate  additive)  have 
been  tested  in  prismatic  cells  (ICP144350  -  2  Ah  -  graphite 
negative  electrode),  on  an  Arbin  Battery  Test  system.  Cells 
were  charged  at  4.1  V  under  a  low  rate  (C/5),  then  put  at 
low  temperature  during  15  h.  A  discharge  was  performed 
down  to  2  V  under  different  rates.  Capacities  were 
compared  to  the  results  obtained  at  room  temperature  (C/5 
discharge  rate). 


At  low  temperature,  patent  pending  electrolyte 
compositions  containing  EA  and  MB  enabled  very  good 
performances  down  to  -30°C,  even  under  a  C  rate. 
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Table  1  -  Discharge  performances  of  ICP144350  cells  at  low 
temperatures  with  specific  EA  and  MB  electrolytes 


**  percentages  wecdaiatodfrom  thedscmges  aqpcdty  at  RT  under  a  C/5  rate 


RESULTS 

Conductivity  -  Binary  and  ternary  mixtures  containing  EA 
or  MB  displayed  outstanding  conductivity  properties  under 
-20°C  :  up  to  7  mS/cm  @  -20°C  and  4  mS/cm 
@  -40°C  have  been  reported,  instead  of  2  mS/cm  (~20°C) 
for  usual  electrolytes. 

Low  temperature  performances  -  Table  1  describes  the 
discharge  ability  at  low  temperatures  of  cells  filled  with  the 
optimised  formulations.  At  -30°C,  under  a  C/2  rate,  about 
85%  initial  capacity  was  recovered  with  EC/DMC/EA, 
EC/DMC/MB  and  PC/EC/MB  formulations.  On  bigger  cells 
(ICP 176065),  even  at  -40°C  (C/5  rate),  same  mixtures 
enabled  to  recover  more  than  75%  initial  capacity.  These 
experiments  were  also  performed  in  cells  with  Nickel  doped 
positive  material,  with  similar  exceptionnal  results. 

The  discharge  profile  recorded  at  low  temperature  presents 
a  voltage  drop  at  the  beginning  of  the  discharge.  This 
phenomenon,  due  to  the  high  internal  resistance  of  the  cell 
at  low  temperatures,  is  the  main  limitation  of  the  cell 
performance.  Because  of  their  high  conductivities,  EA  and 
MB  based  electrolytes  enabled  to  decrease  the  impact  of 
this  parameter. 


20  40  60  80  100  120 
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Figure  2  -  Evolution  of  rev.  capacity  in  ICP176065  cells 
with  specific  EA  and  MB  electrolytes  (RT  -  C  rate) 


Moreover,  cells  with  these  electrolyte  compositions 
displayed  fading  rates  at  room  temperature  similar  to  those 
observed  in  carbonate  mixtures  (fig.  2).  Even  after  200 
cycles,  a  fading  rate  between  0.03  and  0.05%/cycle  was 
measured. 

Self-discharge  were  also  very  similar,  demonstrating  the 
stability  of  the  passivating  layer  formed  on  the  graphite  in 
EA  and  MB  electrolytes.  In  terms  of  safety,  these 
electrolytes  displayed  also  a  very  good  behaviour.  All  the 
results  will  be  discussed  in  details  in  the  full  paper. 


CONCLUSION 

Contrary  to  previous  results  in  MA  mixture  on 
Li/LiMni.gCoo.^  cell  [2],  EA  and  MB  ternary  mixtures 
enabled  performances  at  room  temperature  similar  to 
carbonate  mixtures  in  Graphite/LiCo02  or 
Graphite/LiNi0.9iCo0.09O2  cells.  This  could  be  related  to  the 
chemical  instability  of  metallic  lithium  in  these  esters, 
which  would  generate  difficulties  in  the  studies  versus  Li. 
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1.  Introduction 

We  have  developed  some  new  organic  lithium  salts  for 
lithium  battery  electrolyte  such  as  ((CF3)2CH0S02)2NLin. 
A  most  advantageous  feature  of  designing  organic  lithium 
salts  is  in  a  wide  range  of  structural  modification  for 
improving  their  electrolyte  properties.  Although  LiPF6  salt 
is  widely  used  as  an  effective  electrolyte  for  lithium  battery 
due  to  its  high  conductivity,  it  is  thermally  unstable  and 
easily  decomposed  by  hydrolysis.  Our  strategy  to  design 
new  organic  lithium  salts  LiPF6.n(CF3)n  is  to  replace 
unstable  P-F  bond(s)  of  PF6  anion  by  P-CF3  bond(s) 
keeping  their  high  conductivity  and  electrochemical 
stability25.  We  report  here  the  structural  effect  of  PF^ 
n(CF3)n  anions  on  their  properties  for  electrolyte  such  as 
HOMO  energy  level,  dissociation  constant,  conductivity, 
and  oxidation  potential.  We  report  also  some  performance 
of  lithium  battery  with  LiPF4(CF3)2  which  showed  better 
cycle  characteristics  than  that  with  LiPF6. 

2.  Results  and  Discussion 

2. 1  Syntheses  of  PF6.„(CF3)n  Salts 

LiPF6.n(CF3)n  salts  are  prepared  by  electrochemical 
fluorination  as  in  the  case  of  KPF3(C3F7)3  salt35.  Recently 
Sartori  et  al.  have  reported  the  syntheses  and  conductivities 
of  LiPF4(i-  C3F7)2  and  LiPF3(C2F5)34). 

2.2  Thermal  Stability  of  PF6.n(CF3)n  Anions 

As  PF6  anion  decomposes  to  give  PF5  and  fluoride  ion  in 
pyrolysis,  we  evaluated  the  thermal  stability  of  PF6.n(CF3)n 
anions  by  computational  method  considering  a  similar 
decomposition  of  PF6.n(CF3)n  anions  to  give  PF5.n(CF3)n  and 
fluoride  ion.  The  relative  stabilizing  energy  of  PF6.n(CF3)n 
anions(*  •  E(Anions))  is  obtained  by  the  following 
isodesmic  reaction(I)  with  total  energy(»  E)  of  optimized 
structures  of  PF6  and  PF6.n(CF3)n  anions  and  PFS  and 
PF3.n(CF3)n  by  B3LYP/6-31G*  calculation. 

Isodesmic  reaction  (•  )(n=l-3) 

PF6-  •  +«  PF5.n(CF3)n.  •  •  •  PF5-  •  •  PF6.n(CF3)n- 

•  •  •  •  E(PF6  )  •  E(PF5.n(CF3)„).  •  E(PF5)  •  E(PF*.n(CF3)n) 
Relative  Stabilising  Energies 

•  •  E(Anions)=‘  E(PF6’)  +  •  E(PF5.„(CF3)n) 

-  *  E(PF5)  -  •  E(PF6.n(CF3)„‘) 

where  •  •  E(Anions)  becomes  positive  when  the 
PF6  n(CF3)„  anion  is  more  stable  than  PF6  anion. 

Table  1  shows  that  PF4(CF3)2  anion  is  most  stable  among 
PF6  and  PF6.n(CF3)n(n=  1  -3)  anions: 

•  •  E{7.3,  PF4(CF3)2)  >  •  •  E(4.4,  PF5(CF3))  > 

•  •  E(4.1,  PF3(CF3)3)  >•  •  E(0,  PF6) 

2.3  Conductivities  of  LiPF6.n(CF3)n  Electrolytes 

The  conductivity  of  electrolyte  solution  is  closely  related 
with  the  dissociation  level  of  lithium  salt.  The  intrinsic  and 
relative  dissociation  level  of  LiPF6.n(CF3)n  salts  is  evaluated 
by  the  following  isodesmic  reaction(II): 

Isodesmic  reaction  (•  Xn=  1  -3) 

PF6  •  +•  LiPF6.„(CF3)n.  •  •  •  LiPF6*  PF^CFjV 

•  •  •  E(PF6  )  •  E(LiPF6,(CF3)n)«  E(LiPF6)  •  E(PF6,(CF3)n‘) 

Relative  Stabilising  Energies 

•  •  E(Li  sal ts)=-  E(PF6)  +  •  E(LiPF6.n(CF3)n) 

-•  E(LiPF6)  -  •  E(PF6n(CF3)n) 


The  relative  stabilizing  energies  of  Li  salts  compared 
with  LiPF6  are  shown  in  Table  1.  As  all  •  •  E(Li  salts) 
values  of  LiPF^nfCFj),,  salts  are  positive,  these  lithium  salts 
are  considered  to  be  more  dissociative  than  LiPF6. 

Table  2  shows  the  conductivities  of  electrolyte  solution 
with  LiPF6.n(CF3)n(0.1  mol/1)  in  PC/DME(l/2  v/v). 
Although  decreasing  mobility  of  PF6.n(CF3)n  anions  with 
increasing  number  of  CF3  groups  is  predicted  to  reduce  the 
conductivity  of  the  electrolyte  solution  with  LiPF6.n(CF3)„ 
due  to  increased  molecular  weights  of  the  anions,  the 
conductivity  of  LiPF6_„(CF3)n  electrolyte  did  not  decrease  so 
much  because  of  their  increased  dissociation  level. 

2.4  Oxidation  Potentials  of  LiPF6.n(CF3)n  Salts 

We  investigated  the  oxidation  stability  of  the  PF6_n(CF3)n 
anions  by  calculating  the  HOMO  energy  levels  of  the 
anions  as  shown  in  Table  1.  The  HOMO  level  of  PF4(CF3)2 
anion  is  slightly  lower  than  that  of  PF6  anion  and  the 
electrolyte  of  LiPF4(CF3)2(0. 1  mol/1)  in  PC  solution  showed 
slightly  higher  oxidation  potcntial(6.2V)  than  that  of 
LiPF6(6.0V). 


2.5  Battery  Performance 

Finally,  we  checked  the  battery  performance  of  the  cell 
with  LiPF4(CF3)2.  Since  the  conductivity  of  electrolyte 
solution  with  LiPF4(CF3)2(3.9  mS/cm)  is  slightly  lower 
than  that  of  LiPF6(4.4  mS/cm)  as  shown  in  Table  2,  the 
discharge  potential  was  also  a  little  lower.  But  LiPF4(CF3)2- 
cell  showed  almost  the  same  capacity  as  LiPF6-ceIl  but 
better  cycle  characteristics  than  LiPF6-cell.  Moreover,  the 
impedance  increase  of  LiPF4(CF3)2-cell  for  60  •  -  20  days 
storage  was  smaller  than  that  of  LiPF6-cell. 
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Li  Salt 

uu  nwiviw  energies  01  rj 
AAE  (keal/mol)* 
Anion  Li  Salt 

r 6-n^r3/n  amon. 

HOMO 
Energy 
of  Anion  (eV) 

LiPF* 

0 

0 

-4.26 

_LiPF5(CF3) 

4.4 

0.5 

-3.99 

LiPF4(CF3)2 

7.3(trans) 

2.1 

-4.30 

-  LiPF3(CF3)3 

4.1(mer) 

8.6 

-3.72 

*  B3LYP/6-31G*. 

Table  2.  Conductivities  and  Oxidation  potentials  of 
LiPF<i-n(CF3)n  Electrolytes  at  25  °C. 


Salt 

LiPF« 

Conductivity 

(mS/cm) 

4.4 

Oxidation 
Potential 
(V  vs.  Li/Li+) 

6.0 

Li  PF.+3DME 

• 

5.3 

- . LiPF5(CF3) 

4.2 

6.2 

__  LiPF4(CF3)2 

3.9 

6.2 

LiPF3(CF3),+3DME 

3.9 

5.1 

*0.1  mol/1  Salts  in  PC/DME(l/2  v/v). 
**0.1  mol/1  Salts  in  PC. 
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Introduction 

The  aim  of  this  work  was  to  investigate  new 
single  or  blended  in  order  to  optimize  the  performances  of 
the  electrolyte  especially  in  terms  of  cyclability  and 
conductivity  at  low  temperature.  For  this  purpose 
asymmetrical  alkyl  carbonate  solvents  (ACS)  have  been 
synthesized:  methyl  isopropyl  carbonate  (MiPC),  ethyl 
isopropyl  carbonate  (EiPC)  and  ethyl  propyl  carbonate 
(EPC).  Some  of  their  mixtures  with  ethylene  carbonate 
(EC)  have  also  been  studied. 

Among  the  physico-chemical  and 
electrochemical  properties,  those  investigated  were 
permitivity,  viscosity,  ionic  conductivity,  stability  against 
lithium  metal  and  cycling  efficiency  both  carbon  and 
LiCo02  electrodes. 

Results 

The  influence  of  the  temperature  on  the  viscosity  is 
well  described  by  the  Andrade  law  in  the  full  range  of 
temperature  investigated.  From  the  plots  of  Ln(T))  versus 
1/T,  the  activation  energy  for  the  viscous  flow  Ea,n  has 
been  calculated.  Ea  values  are  in  the  range  of  10-1 1  kJ/mol 
for  pure  solvents  and  12-13  kJ/mol  for  their  mixtures  with 
EC. 

The  temperature  dependence  of  the  conductivity  of 
LiPF6  (1M)  solutions  in  the  blended  solvents  has  been 
examined  in  the  range  -  40°C  to  60°C  (figure  1).  If  at 
ambient  temperature  (25  °C),  the  conductivity  of  LiPF6  in 
the  single  solvents  are  only  2  mS/cm,  it  raises  sharply  to 
8-9  mS/cm  at  25 °C  when  EC  is  added. 

The  electrochemical  properties  of  the  ACS  and  the 
ACS:EC  mixtures  in  presence  of  LiPF6  (1M)  have  been 
determined  by  means  of  cyclic  voltammetry.  Upon 
reduction  at  a  graphite  anode,  the  formation  of  a  passive 
layer  occured  at  0,8V  for  all  solvents.  The  reversible 
capacity  at  C/20  in  EPC:EC  is  275  mAh/g  whereas  the 
irreversible  capacity  is  only  64  mAh/g  (see  figure  2). 

The  cycle  life  behavior  is  very  promising  as  no  fading 
is  noted  at  the  10th  cycle.  The  reversible  capacity  at  a 
LiCo02  cathode  is  very  high  (146mAh/g)  and  the 
irreversible  capacity  very  low  (only  3  mAh/g) 

Conclusion 

ACS: EC  mixtures  are  promising  solvents  for  use  in 
Li-ion  batteries  as  they  present  at  the  same  time: 
a  low  viscosity, 

high  ionic  conductivity  even  at  low  temperature, 
very  good  passivating  properties  at  the  graphite 
anode, 

large  reversible  capacity  at  both  electrodes, 
non  toxic,  non  volatile  and  stable. 


Figure  1:  conductivity  of  LiPF6  (1M)  in  EC: ACS 
mixtures. 


T("C) 


Figure  2:  Cyclic  votammogramm  at  a  graphite  electrode 
in  the  EPC:EC  (LiPF6, 1M)  electrolyte. 
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Electrolyte  solutions  are  essential  for  lithium 
batteries,  even  in  lithium  polymer  batteries  a  liquid 
electrolyte  is  also  extensively  employed  by  formation  of 
gel  with  a  polymer,  known  as  a  gel  polymer  electrolyte. 
It  has  been  shown  that  the  polymer  is  likely  to  have  very 
little  effect  on  the  liquid  electrolytes  and  hence  the 
gelled  electrolyte  may  be  considered  to  be  a  liquid 
electrolyte  entrapped  in  a  polymer  matrix  as  the  polymer 
content  is  not  high,  e.g.,  below  30~35wt%  [1,2,3].  So 
the  optimal  design  of  gel  polymer  electrolytes  can  also 
be  reduced  to  optimizing  liquid  electrolyte  compositions. 
The  strategy  of  our  researches  is  to  develop  an  algorithm 
for  quickly  screening  potential  solvents  and  systemically 
optimizing  the  compositions  of  electrolyte  solutions  for 
lithium  batteries  like  shown  schematically  in  Figure  1. 
We  believe  that  systematic  approaches  are  important  for 
the  optimal  design  of  lithium  battery  solutions,  because 
many  factors  are  highly  interacted.  For  example,  high 
salt  solubility  and  high  conductivity  are  related  to 
dielectric  constants  (e)  and  viscosity  (ri)  of  solvent 
mixtures.  Also,  they  are  contacted  to  ionic  dissociation 
and  hence  mean  ionic  activity  coefficients. 

A  reliable  database  is  very  useful.  Collection  of  data 
is  often  a  difficult  procedure.  Data  are  widely  spread  in 
the  literature  [4],  many  results  that  are  not  directly 
contacted  to  the  researches  of  lithium  batteries,  e.g., 
electrolyte  solution  thermodynamics,  could  be  very 
useful.  The  data  covering  a  variety  of  properties  such  as 
thermodynamic,  transport  and  thermal  properties  as  well 
as  electrochemical  stability  information  have  being 
compiled.  The  collected  data  are  critically  evaluated  in 
terms  of  the  accuracy  and  reliability  before  used  for 
development  of  correlation  and  prediction  models. 

Property  models,  especially  predictive  type  of  models, 
are  very  important  in  realization  of  the  systematically 
optimal  design  strategy.  A  number  of  correlation/ 
prediction  models  for  electrolyte  solutions  are  evaluated, 
and  some  predictive  models  have  been  suggested/ 
modified  for  lithium  battery  electrolytes  based  on  the 
ionic  group  contribution  idea  [5]  or  other  mixing  rules. 
In  Figure  2  it  has  been  shown  that  molar  conductance 
(A)  can  be  fairly  represented  by  the  equation: 

A  =  1000*7  c  =  A0  +  Wc  +  £clnc 

where  A0  is  the  limiting  molar  conductance,  B  and  E 

fitted  parameters,  k  conductivity  with  the  unit  s.cm‘\ 

[1]  A.M.  Christie,  L.  Christie,  C.A.  Vincent,  J.  Power 
Sources,  74(1998),  77-86. 


[2]  0.  Bohnke,  G.  Frand,  M.  Rezrazzi,  C.  Rousselot,  C. 
Truche,  Solid  State  Ionics,  66(1993),  105. 

[3]  O.  Bohnke,  G.  Frand,  M.  Rezrazzi,  C.  Rousselot,  C. 
Truche,  Solid  State  Ionics,  66(1993),  97. 

[4]  J.  Barthel,  H.J.  Gores,  Pure  &  Appl.  Chem., 
57(1985),  1071. 

[5]  J.  Li,  H.M.  Polka,  J.  Gmehling,  Fluid  Phase  Equilib., 
94(1994),  89. 
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Figure  1 .  A  Scheme  of  Strategic  Researches  on  Optimal  Design 
System  of  Electrolyte  Solution  for  Lithium  Battery 


Figure  2.  Comparison  of  Calculated  Results  with  Literature  [4] 
Molar  Conductance  Data  for  LiAsFt  in  PC(32wt%)  +  DME 
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Although  good  electric  performances  may  be  obtained  with 
Li-ion,  some  aspects  such  as  gas  generation  during 
formation,  fading  rate  upon  cycling  and  irreversible  losses 
during  storage  are  still  to  be  improved.  This  paper  aims  to 
discuss  how  Vinylen  Carbonate  (VC)  helps  significantly  in 
these  domains. 

VC  for  passivation  : 

The  lowering  of  gas  generation  during  formation,  was 
discussed  in  a  previous  paper  (1).  This  point  is  a  striking 
figure  of  VC  addition  to  the  electrolyte  (2).  The  gas 
production  during  formation,  due  to  reduction  of  electrolyte 
solvents  is  far  lower  when  VC  is  used  (Figl).  This  was 
explained  by  the  stabilization  of  the  radical  intermediate 
with  VC,  leading  to  the  displacement  of  the  reaction  towards 
solid,  passivation  compounds.  VC  has  also  the  property  to 
suppress  exfoliation  of  graphites  even  with  PC,  but  also  with 
a  very  large  number  of  more  unusual  solvents,  due  to  its 
high  reduction  voltage  (1.2  V  vs.  Li/Li+).  The  main  potential 
drawback  associated  to  the  use  of  VC  is  the  slight  increase 
of  the  passivation  layer  resistance  with,  if  not  taken  into 
account,  risks  of  lithium  plating. 

VC  for  fading  : 

The  fading  rate  observed  for  LiCo02/graphitized  carbon 
cells  appears  very  sensitive  to  the  VC  amount  (Tabl). 
Capacity  loss  after  cycling  at  rather  high  rate  (C)  decreases 
when  VC  amount  in  the  electrolyte  increases.  In  the  same 
time,  the  impedance  is  more  stable  during  cycling  with  VC 
than  without,  except  for  “too  high”  VC  contents.  Excellent 
results  may  be  obtained  with  other  positive  active  material 
like  LiNi].xMx02  family. 

VC  for  irreversible  losses  : 

Irreversible  losses  during  storage  are  well  known  to  be 
affected  by  the  temperature  or  the  cell  voltage.  The  addition 
of  small  amounts  of  VC  to  the  electrolyte  leads  to  important 
reduction  of  the  irreversible  losses  registered  (Fig2) 
whatever  the  cell  design.  Moreover,  cell  impedance  appears 
slightly  move  stable  for  cells  containing  2%  of  VC  additive 
than  for  the  other  one  (Tabl).  This  point  was  be  related  to 
the  improvement  of  the  passivation  layer  formed  on  the 
negative  electrode.  Exception  can  be  made  when  VC 
amount  is  too  high.  Strong  improvement  of  expected 
calendar  life  is  thus  observed. 

Conclusion 

The  improvement  of  the  electrochemical  performances  of 
Li-ion  cells  can  be  achieved  through  small  addition  of 
vinylen  carbonate  to  the  electrolyte.  This  excellent 
passivation  additive  helps  to  have  performing  Li-ion 
batteries  for  long  range  cycling  and  calendar  life.  Additional 
results,  that  demonstrate  that  this  additive  may  be 
advantageously  used  in  a  very  broad  family  of  cell  designs 
in  term  of  active  materials  whether  at  the  positive  or 
negative  electrodes  but  also  in  term  of  electrolyte 
compositions  (carbonates,  esters...),  will  be  discussed. 
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Figl  :  Gas  generation  during  cell  formation  at  R.T.  without 
VC  (a)  at  60°C  without  VC  (b)  and  at  60°C  with  VC  (c). 
Electrolyte  is  PC/EC/DMC  (l/l/3)+LiPF6  (IM).  Positive  is 
LiNi02  based  material.  Negative  active  material  is  a 
graphitized  carbon. 
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Tabl  :  Performance  evolution  of  LiCo02  /  graphitized 
carbon  cell  during  cycling  at  room  temperature  with  or 
without  VC  content.  Cycling  rates  are  C  rate  (3  hours)  in 
charge  and  C  rate  discharge.  Electrolyte  is 
EC/DMC/DEC+LiPF6  (1M). 


Fig2  :  Capacity  evolution  after  6  months  storage  at  55 °C 
with  or  without  VC  for  LiCo02  /  graphitized  carbon  cells. 
Electrolyte  is  EC/DMC/DEC+LiPF6  (1M). 
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Introduction 

The  highly  graphitized  carbon  is  a  mostly  utilized 
anode  material  for  Li-ion  secondary  batteries 
because  of  its  high  reliability.  Propylene  Carbonate 
(PC)  is  a  very  attractive  electrolyte  in  view  of  ion 
conducting  and  cost  as  well.  However,  PC  has 
never  been  utilized  for  graphite  electrode,  since  PC 
decomposes  without  termination  at  the  graphite 
surface  during  charging  process111.  Such  as  PC 
decomposition  has  been  reported  to  be 
accompanied  with  the  co-intercalation  of  PC 
molecule  which  causes  to  destroy  the  graphite 
layer121.  We  have  pointed  out  that  the  conductivity 
of  electrode  strongly  influences  the  anodic 
characteristics131.  We  can  expect,  therefore,  if  the 
electrode  is  fabricated  to  maintain  a  homogeneous 
distribution  of  high  conductivity,  the  PC 
decomposition  might  be  prevented.  In  this  paper, 
we  have  utilized  a  graphite  single  carbon  fiber 
having  a  high  and  homogeneous  conductivity,  and 
examined  whether  the  expectation  can  be  realized 
in  PC  electrolyte. 

Experimental 

As  the  material,  three  types  of  mesophase  pitch- 
based  carbon  fibers  were  used.  (Melblon  3100,  •  = 
7  •  m,  prepared  at  3 100  °C,  Carbonic  3110,*  =30 
•  m,  prepared  at  3110  °C,  NF415-3.4,  •  =  10  •  m, 
prepared  at  3110  °C,  Petoca,  Ltd.  made.)  A  single 
fiber  of  Carbonic  and  NF4 15-3.4  was  used  as 
obtained  monofilaments,  and  for  Melblon,  a  single 
was  picked  out  from  the  integrated  fiber  felt.  A  15 
mm  long  sample  fiber  was  fixed  on  one  end  of  0.5 
mm  diameter  Ni  wire  with  conductive  carbon-paste, 
which  was  used  as  a  lead  wire.  A  tip  of  the  sample 
fiber  was  partially  immersed  vertically  in  the 
electrolyte  with  5  mm  depth.  A  cylindrical  glass 
cell  was  used  for  the  measurement  of  linear  sweep 
cyclic  voltammogram  (CV).  PC  containing  1  M 
LiC104  was  used  as  an  electrolyte.  All 
measurements  were  performed  in  a  dry  box  in  Ar 
atmosphere  at  room  temperature. 

Results  and  Discussion 

The  CVs  obtained  from  pristine  sample  of 
Carbonic  in  PC  electrolyte  gave  a  stable  CV  with  a 
satisfied  cyclelife,  resulting  in  no  reduction 
decomposition  of  PC.  One  may  ascribe  the  stability 
to  a  thick  surface  skin  layer  of  Carbonic.  Then,  we 
removed  this  skin  by  mild  oxidation  process141. 

The  resulting  CVs  gave  larger  charge  /  discharge 
current  peaks  with  better  cyclelife  as  compared  to 
the  pristine  sample,  and  no  PC  decomposition 
current  was  observed. 

A  single  fiber  of  Melblon  fiber  felt  and  a 
monofilament  of  NF4 15-3.4  having  much  thinner 
skin  layers  gave  satisfied  CVs  having  a  very  good 
cyclelife,  accompanied  with  no  reduction  current 


due  to  PC  decomposition.  These  results  imply  that 
the  existence  of  surface  skin  layer  is  not  related  to 
PC  decomposition,  and  a  homogeneous  distribution 
of  high  conductivity  of  electrode  is  the  key  factor  to 
prevent  PC  decomposition. 

As  an  example  of  having  lower  and 
inhomogeneous  distribution  of  high  conductivity, 
we  used  the  bundled  carbon  fibers.  The  CVs 
showed  good  cycle  life  and  no  decomposition 
current  at  sweep  rate  of  1  mV/sec,  but  the  CVs 
became  unstable  and  very  large  reduction  current 
due  to  PC  decomposition  at  higher  sweep  rate  of  1 0 
mV/sec. 

We  can  conclude  that  the  existence  of  surface  skin 
layer  to  protect  against  exfoliation  of  grapheme 
layer  is  not  related  to  PC  decomposition,  and  that 
the  homogeneous  distribution  of  high  conductivity 
in  the  electrode  provided  a  stable  cycleability  even 
in  PC  electrolyte. 
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Rechargeable  lithium  metal  batteries  have  not  been 
commercialized  due  to  the  decline  of  the  lithium 
electrode  performance  on  charge-discharge  cycling.To 
prevent  this  problem,  some  additives,  ALj15,  2- 
methylfuran'  * ,  C023),  sugar  esters45  were  added  in  the 
electrolyte  solutions.  In  the  present  work,  organic 
additives,  ex:  poly(acrylonitriIe)(PAN),  poly( vinyl 
-pyrrolidone)(PVP),  polyethylene  oxide)(PEO),etc,  were 
added  in  the  electrolyte  solution  to  improve  the  cycling 
behavior  of  lithium  metal  anode. 

A  three  compartment  cell  with  a  lithium  test ,  a  lithium 
counter  and  a  lithium  reference  electrodes  was  used  and 
the  electrolyte  solutions  were  mainly  0.25  M  UBF4O25M 
UFF<a(Maita  ctemical),  025M  (OSSC^NLi,  025 
M(CF3S02)(C4F9S02)NLi(Central  glass)  /  ethylene 
carbonate(EC)-propylene  carbonate(PC)  (l:lvol.)(Ube 
Industries).  Usually  0.2g  of  the  additive  was  dissolved  in 
50ml  of  the  electrolyte  solution.  Interface  resistance  and 
capacitance  were  measured  by  a  Solartron  SI12280B  and 
a  charge-discharge  equipment  (Hokuto  HJ-I01  SM6)  was 
used  for  the  cycling  of  lithium  electrode.  The  charge- 
discharge  electricity  was  1.0Ccm'2(1.0mAcm'2  ,  1000s). 
Measurement  was  proceeded  in  dry  Ar  atmosphere  at 
ambient  temperature  .  The  addition  of  PVP  in  the 
electrolyte  solution,  0.25  M  (CF3S02)2NLi/EC- 
PO  Fig.  1  •  and  0.25MLiBF4/EC-PC,  suppressed  the 
interface  resistance  and  stable  charge-discharge*  was 
achieved.  Polarization  resistance  was  measured  during 
cycling  in  the  electrolyte  solutions  with  the  additives.  At 
the  early  stage  of  cycling,  the  polarization  resistance  was 
rather  high,  but  after  ca.  one  hundred  cycles  it  was 
smaller  and  stable. 


0  100  200  300 

Cycle  Number 


Fig.l*  Interphase  resistance  on  negative 
electrodes  at  low  frequency  range  as  a 
function  of  cycle  number. 

0.25  M  (CF3S02)2NLi/EC-PC 
•  Blank:*  PAN:*  PEO:xPVP 
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In  lithium  ion  cells  with  propylene  carbonate  (PC) 
based  electrolytes  graphitic  anodes  usually  co-intercalate 
PC  molecules,  resulting  ultimately  in  large  irreversible 
charge  consumption  and  electrode  destruction.  This 
"solvated  intercalation"  has  hindered  the  application  of 
PC  as  electrolyte  solvent  in  lithium  ion  cells  with 
graphitic  anodes  so  far  [1]. 

We  have  studied  the  graphite  anode  performance 
with  various  sulfur-containing  compounds,  ethylene 
sulfite  (ES)  [2],  propylene  sulfite  (PS)  [3],  dimethyl 
sulfite  (DMS)  [4],  diethyl  sulfite  (DES)  [4]  for  use  as  film 
forming  electrolyte  additives  in  PC  based  electrolytes. 
Basically,  these  sulfites  (Figure  1)  can  be  formally 
considered  as  structural  analogues  to  the  commonly  used 
organic  carbonates,  ethylene  carbonate,  PC,  dimethyl 
carbonate  (DMC)  and  diethyl  carbonate  (DEC). 


a)  ES 


b)  PS 


ch3XoAo^ch3  ch3ch2^oAo^ch2ch3 

c)  DMS  d)  DES 

Fig.  1:  Structural  formulae  and  abbreviations  of  the 
sulfites  investigated  in  this  study. 


The  PC/sulfite  mixtures  have  shown  promising 
performance,  with  the  filming  capabilities  (=  capability 
for  the  formation  of  effective  solid  electrolyte  interphase 
(SEI)  films)  decreasing  in  the  order:  ES  >  PS  »  DMS  > 
DES.  The  corresponding  charge/discharge  experiments 
will  be  presented  at  the  meeting.  Results  obtained  for 
different  charging  procedures  in  the  first  cycle  will  be 
particularly  highlighted. 


The  low  viscosities  of  DMS  and  DES  also  suggest 
their  use  as  electrolyte  co-solvents  (50  vol.%)  in 
combination  with  the  highly  viscous  solvent  EC  (Table 
1).  The  composed  EC-based  electrolytes  exhibit  better 
electrolyte  conductivities  at  low  temperatures  than  the 
corresponding  electrolytes  with  the  commonly  used  low- 
viscosity  solvents  DMC  and  DEC  (Figure  2  and  3).  Under 
"standard"  constant  current  charge/discharge,  however, 
the  charge/discharge  performance  of  the  EC/DMS  and 
EC/DES  electrolytes  can  not  compete  with  that  of  the 
EC/DMC  and  EC/DEC  electrolytes.  The  influence  of 
different  charging  procedures  will  be  shown  for  these 
electrolytes,  as  well. 


Tab.  1:  Melting  points  (mp),  boiling  points  (bp),  flash 
points  (fp),  viscosities  (•  )  and  dielectric  constants  (•  )  of 
cyclic  carbonates,  linear  carbonates,  and  linear  sulfites 
investigated  in  this  study  (at  25  °C).. 


Solvent 

mp/ 

°C 

bp/ 

°C 

fp/ 

°C 

• 

cP 

« 

EC 

36.5 

238 

160 

1.9* 

90.36  * 

PC 

-54.5 

242 

132 

2.512 

64.95 

DMC 

4.6 

90 

18 

0.5902 

3.18 

DEC 

-43 

126.8 

31 

0.748 

2.82 

DMS 

-141 

126 

30 

0.8732 

22.5 

DES 

N/A 

159 

53 

0.839  + 

15.6  * 

*at  40  °C,  *at  20  °C 


Fig.  2:  Conductivity  vs.  temperature  diagram  of 
1  M  LiCI04  in  EC/DMC  (1/1  by  volume),  EC/DMS  (1/1 
by  volume)  and  EC,  respectively. 


Fig.  3:  Conductivity  vs.  temperature  diagram  of 
1  M  LiC104  in  EC/DEC  (1/1  by  volume),  EC/DES  (1/1  by 
volume)  and  EC,  respectively. 
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Currently,  commercial  graphite-based  lithium  ion 
batteries  use  mixed  solvent  electrolytes  containing 
highly  viscous  ethylene  carbonate  (EC)  and  low 
viscosity  dilutants  such  as  dimethyl  or  diethyl 
carbonate  (DMC,  DEC)  as  main  solvents.  EC  is 
indispensable  because  of  its  excellent  filming 
properties,  DMC  and/or  DEC  are  required  to  get  the 
low  temperature  performance  of  the  electrolyte  at  least 
reasonable.  Nevertheless,  the  low  temperature 
performance  of  these  EC  based  electrolytes  needs  still 
some  improvement.  In  addition,  DMC  and  DEC  are 
highly  volatile  and  their  flash  points  are  quite  low 
(DMC  18  °C,  DEC  31  °C),  which  may  have  a 
considerable  impact  on  the  battery  safety. 


Tab.  1:  Physical  properties  of  selected  solvents  (mp: 
melting  point,  bp:  boiling  point,  fp:  flashpoint,  vise: 
viscosity  “at  25  °C,  bat  40  °C) 


Our  aim  was  to  employ  low-viscosity  partly 
fluorinated  solvents  as  dilutants  for  more  viscous 
solvents  such  as  propylene  carbonate  (PC),  the  latter 
being  known  for  its  better  low  temperature  behaviour 
compared  to  EC.  Exchange  of  some  hydrogen  for 
fluorine  causes  significant  differences  in  the  physical 
and  chemical  properties  of  polar  solvents.  In 
particular,  viscosities  but  also  melting  and  boiling 
points  of  fluorinated  solvents  are  in  most  cases 
significantly  lower,  compared  to  their  hydrogenated 
counterparts.  Moreover,  fluorinated  solvents  are  in 
general  much  less  flammable  as  less  hydrogen  is 
available.  As  a  rule,  oxidation  stability  of  partly 
fluorinated  solvents  is  quite  good,  due  to  the  stability 
of  the  carbon-fluorine  bond,  and  thus  promising  for 
lithium  battery  applications.  On  the  other  hand,  costs 
and  volumetric  weight  are  obvious  disadvantages  of 
fluorinated  solvents. 

In  this  contribution,  we  present  the  partly 
fluorinated  solvent  MA-dimethyl  trifluoracetamide 
(DTA,  see  fig.  1).  The  physical  properties  compared  to 
the  commercially  used  solvents  EC  and  DMC  are 
given  in  table  1.  In  mixtures  with  PC  the  DTA 
prevents  the  solvated  intercalation  of  Li-PC,  as  can  bee 


seen  in  fig.  2.  The  oxidation  of  a  LiMn204  electrode  in 
the  same  electrolyte  is  shown  in  fig.  3.  In 
charge/discharge  experiments  the  irreversible  capacity 
losses  are  comparable  to  EC/DMC  mixtures  (fig.  4). 


Fig  1:  N,N- dimethyl  trifluoracetamide  (DTA) 


Fig.  2:  Cyclic  voltammogram  of  a  KS  6  composite 
electrode  in  1M  LiN(S02CF3)2  +  PC  /  DTA  (50  :  50), 
scan  rate  100  V/s;  V  vs.  Li/Li+ 


Fig.  3:  Cyclic  voltammogram  of  a  LiMn204  composite 
electrode  in  1  M  LiN(S02CF3)2  +  PC  /  DTA  (50  :  50), 
scan  rate:  100  pV/s;  V  vs.  Li/Li+ 


Fig.  4:  Integrated  capacity  losses  of  EC/DMC  and 
different  PC/DTA  mixtures 
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Introduction 

A  separator  in  lithium  ion  batteries  is  a  prerequisite,  al¬ 
though  inactive  material.  Despite  the  fact  that  theoretical 
battery  capacity  is  determined  by  the  amount  of  active 
materials,  the  real  capacity  is  strongly  dependent  on  the 
C-rate  and  the  temperature  during  the  charge/discharge 
procedure.  However,  the  measured  battery  capacity  varies 
noticeably  for  batteries  containing  different  separator 
materials.  The  key  properties  of  these  materials  are  po¬ 
rosity,  permeability  (Gurley)  and  thickness. 

In  this  study,  a  series  of  DSM  Solupor®  separator  ma¬ 
terials  is  compared  with  other  commercially  available 
separators. 

Experimental 

In  order  to  see  the  effect  of  separator  morphology  on  the 
rate  capability,  several  series  of  test  cells  have  been  made 
using  CR2320  coin  cells  (Hohsen  Corp.).  The  cathode 
material  is  LiCo02  and  the  anode  material  Graphite  or  0.3 
mm  Lithium  foil  (Chemetall  Foote  Corp.).  The  electrolyte 
is  1  M  LiPF6  in  EC/EMC  1:2  vol  (Mitsubishi  Chem.).  The 
cell-stack  is  always:  can,  gasket,  LiCo02  (~2  mAh),  sepa¬ 
rator,  anode,  017x0.5  mm  Cu  press-plate,  wave-spring 
and  cap. 

Cells  are  cycled  on  a  Maccor  S4000  with  current  den¬ 
sities  between  0,3  and  2,4  mA/cm2  (-C/7-1C  rate).  At  0,6 
mA/cm2,  the  temperature  is  varied  between  +30  °C  to  -20 
°C  in  a  Votsch  VT4004  climate  room. 

Results 

Figure  1  clearly  shows  that  at  +30  °C  the  materials  do  not 
show  a  significant  difference  in  performance.  At  lower 
temperatures  however,  all  tested  Solupor  separators  per¬ 
form  better  then  its  competitors. 


Capacity  vs  Temperature 


Figure  1:  Effect  of  temperature  on  the  discharge  capacity  for 
some  Solupor  and  competitor  (C1-C3)  separators  in 
LiCoOi/Graphite  cells. 


Conclusions 

Optimizing  the.  microstructure  of  separator  materials  re¬ 
sults  in  better  performance.  Another  way  of  looking  at  the 
data  in  Figure  1  is  that  at  the  same  temperature  a  higher 
C-rate  could  be  used  applying  Solupor.  The  experiments 
are  extended  to  a  wider  range  of  Solupor  and  competitor 
materials  with  the  goal  to  relate  the  results  to  the  mor¬ 
phology  of  the  materials. 

Currently  rate-capability  tests,  AC  impedance  meas¬ 
urements  and  thermal-shutdown  experiments  are  in  prog¬ 
ress.  A  wider  range  of  electrolytes  will  be  included. 
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Li-ion  battery  technology  is  the  present  day  state 
of  the  art  battery  technology  for  consumer  electronics. 
Currently,  a  tremendous  amount  of  research  is  focused  on 
the  development  of  new  electrode  materials  and 
electrolytes  which  will  result  in  improved  energy  density 
and  lifetime  for  Li-ion  batteries.  A  large,  parallel  effort  is 
focused  on  entrapping  this  technology  within  polymer 
matrices.  This  has  resulted  in  flat-plate  bonded  systems 
with  lightweight  packaging  which  allow  further 
improvement  in  energy  density  and  allow  unprecedented 
form  factor  flexibility.  The  majority  of  these  efforts  are 
focused  on  the  production  of  electrochemical  cells  with 
discharge  rates  ranging  from  C/2  to  3C.  Most  of  the  Li- 
ion  batteries  produced  today  perform  acceptably  well  in 
these  ranges. 

Few  electrochemical  energy  storage  technologies 
allow  fast  charging  of  practical  consumer  cells.  Li-ion 
technology  is  rarely  charged  faster  than  1C.  The  negative 
electrode  is  typically  graphite  which  has  a  Li+ 
intercalation  potential  only  0.0 IV  above  Li  plating.  Fast 
charging  can  result  in  significant  underpotential  resulting 
in  hazardous  Li  plating  and  subsequent  deterioration  of 
performance.  In  addition,  fast  charging  of  the  positive 
electrode  material  may  lead  to  significant  diffusion 
induced  concentration  gradients  within  both  the  electrode 
bulk  structure  and  liquid  electrolyte  resulting  in 
deteriorated  performance.  NiCd  is  the  fastest  of  the 
consumer  viable  technologies,  capable  of  exceeding  10C 
discharge  rates.  Charging  can  also  be  performed  at 
exceptional  rates,  but  not  in  a  sealed  system.  Pb-acid  is 
the  only  commercial  technology  which  can  sustain  such 
fast  charge  rates,  especially  with  the  use  of  high  power 
density  TMF™  Pb-acid  technology  (Bolder 
Technologies).  Charging  in  excess  of  60C  can  be 
demonstrated  by  nonaqueous  electrolytic  double  layer  C- 
C  supercapacitors,  but  energy  density  is  typically  well 
below  that  of  battery  technology  and  has  poor  self 
discharge  characteristics. 

To  date,  little  effort  has  been  focused  on  the 
design  of  electrochemical  systems  which  enable  fast 
charge  capability  of  10-30C.  We  have  recently  presented 
preliminary  results  of  a  research  on  a  new  type  of 
electrochemical  cell  which  combines  the  attributes  of 
battery  and  supercapacitor  technology  that  enables  fast 
charging.  In  this  non-aqueous  electrochemical  cell,  the 
positive  electrode  stores  charge  as  an  electrolytic  double 
layer  capacitor  through  the  adsorption  and  desorption  of 
anion  electrolyte  species  on  the  positive  electrode.  The 
negative  electrode  is  an  intercalation  compound  that 
reversibly  intercalates  lithium  ions.  A  schematic 
comparison  of  the  electrochemical  reactions  at  the 
electrodes  of  a  Li-ion  battery,  a  non-aqueous 
supercapacitor  based  on  Li,  and  the  asymmetric  hybrid 
cell  is  shown  in  Figs.  1-3,  respectively.  The  use  of  an 
intercalation  compound  for  the  negative  electrode  of  the 
hybrid  results  in  much  improved  energy  densities  over  C- 
C  nonaqueous  supercapacitors.  The  configuration  also 
enables  exceptionally  fast  charging  of  the  cell  with 


respect  to  traditional  consumer  battery  technology,  with 
charge  rates  approaching  85%  utilization  at  20C. 

This  paper  will  explore  a  number  of  new  aspects 
with  respect  to  the  fast  charge  Li  hybrid  technology. 
Particular  attention  will  be  on  the  optimization  of  energy 
densities,  new  configurations  of  this  technology,  and 
comparison  with  Li-ion  cells  with  alternative  electrode 
configurations.  Parallel  with  this  discussion  we  will  focus 
on  electrode  material  selection  and  the  impact  of  their 
physio-electrochemical  properties  on  electrochemical  cell 
performance  and  diffusion  limitations.  Finally, 
performance  in  a  flat  plate  bonded  cell  technology  will  be 
presented. 

Li-ion  Battery 


Fig.  1.  Simplified  schematic  showing  electrode  reactions 
with  electrolyte  salt  in  a  Li-ion  battery  during  charge. 


Supercapacitor 


+ 


Fig.  2.  Simplified  schematic  showing  electrode  reactions 
with  electrolyte  salt  in  supercapacitor  during  charge. 


Asymmetric  Hybrid 


+ 


Fig.  3.  Simplified  schematic  showing  electrode  reaction 
with  electrolyte  salt  in  an  asymmetric  hybrid  cell  during 
charge. 
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The  lithium/thionyl  chloride  battery  (Li/SOCl2) 
using  a  LiAlClVSOCb  inorganic  electrolyte  is 
capable  of  providing  one  of  the  highest  energy 
densities  among  all  practical  primary  battery 
systems  known  to  date  [1],  Though  the  kinetic, 
thermodynamic,  and  mechanistic  aspects  of 
thionyl  chloride  reduction  have  been  extensively 
investigated  [2-7],  only  a  few  studies  have  ad¬ 
dressed  the  ionic  conductivity  of  the  electrolyte 
solutions  [1,  8-10],  Lithium  reacts  with  oxyhal- 
ide  (SOCl2)  and  forms  a  passivation  film  which 
protects  it  from  any  further  reactions.  The  film 
grows  with  time  and  temperature  of  lithium 
storage  in  contact  with  the  oxyhalide  and  is 
strongly  influenced  by  the  concentration  of  sol¬ 
ute  (LiAlCb)  in  the  oxyhalide. 

The  objective  of  this  work  is  to  investigate,  as 
much  as  possible,  the  temperature  and  concen¬ 
tration  effects  on  the  ionic  transport  behavior  of 
LiAICVSOCb  electrolyte  solutions  by  means  of 
conductivity  measurements  and  some  spectro¬ 
scopic  techniques,  such  as  7Li  NMR  and  Raman 
spectroscopy.  We  hope  that  the  results  from  this 
work  will  improve  and  advance  our  understand¬ 
ing  of  the  molecular  dynamics  of  ions  in  the  Li- 
AICI4/SOCI2  inorganic  electrolyte  system. 

The  measured  specific  conductivity  of  the  1.8M 
LiAlCb  in  S0C12  electrolyte  solution  as  a  func¬ 
tion  of  temperature  indicated  that  the  solution’s 
conductivity  was  greatest  at  298K.  We  per¬ 
formed  Raman  experiments  to  examine  the 
structural  aspects  of  the  ion-solvent  adduct  spe¬ 
cies  in  the  solution.  The  results  of  Raman  spectra 
suggest  that  the  adduct  compound  is 
Li(SOCl2)y.x(S02)x+,  where  y  has  a  maximum 
value  of  2.  The  conductivity  was  the  outcome  of 
the  mobility  and  the  degree  of  dissociation: 
Li(SOCl2)/+  xS02  —  >Li(S0Ci2)y.x(S02)x+  + 
xSOCI2.  It  is  interesting  to  note  that  ion  mobility 


increased  with  rising  temperature,  but  the  degree 
of  dissociation  decreased  with  increasing  tem¬ 
perature. 

To  further  determine  the  structural  environment 
of  the  lithium  ions,  7Li  NMR  measurements 
were  conducted.  The  7Li  spin-lattice  relaxation 
rate  indicated  a  change  in  the  ionic  structure  of 
the  electrolyte  near  298K.  We  confirmed  that  a 
transition  occurred  at  around  298K  by  the  meas¬ 
urements  of  the  chemical  shifts  and  relaxation 
times  under  various  temperatures  and  concentra¬ 
tions.  The  activation  energies  of  spin-lattice  re¬ 
laxation  for  1.8M  LiAlCb  in  SOCI2  above  and 
below  298K  were  7.03  and  12.91  kj/mol,  re¬ 
spectively.  The  results  of  7Li  NMR  and  Raman 
studies  suggest  that  the  structure  of  the  adduct 
compound  is  Li(S0Cl2)y.x(S02)x\  and  that  the 
change  in  conductivity  with  temperature  is  re¬ 
lated  to  the  transformation  between  Li(SOCl2)/ 
and  Li(S0Cl2)y.x(S02)x+  ions. 
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The  Li/SOCl2  battery  system  holds  an  important 
place  in  the  field  of  high  power  batteries  because 
of  their  advantages  in  terms  of  high  energy  den¬ 
sity,  long  storage  life,  low  cost  of  materials,  high 
open  circuit  voltage,  and  large  operating  tem¬ 
perature  range  (-55  to  70°C).  Lithium/thionyl 
chloride  batteries  have  been  used  for  a  number 
of  applications  in  astronaut  equipment  [1,2]  and 
biomedical  devices  [3,4].  Despite  much  progress 
in  the  design  and  optimization  of  these  batteries, 
our  fundamental  knowledge  of  S0C12  reduction 
is  limited.  The  reduction  of  thionyl  chloride  has 
been  extensively  investigated  [5,9],  but  the  de¬ 
tailed  mechanism  is  still  a  subject  of  debate. 

Film  formation  at  the  cathode  during  the  reduc¬ 
tion  of  thionyl  chloride  has  been  suggested  [8,9], 
Chiu  et  al.  [8]  estimated  the  values  of  diffusion 
coefficients  ranging  from  10'10  to  10'12  cmV1  for 
the  3.0M  LiAlCWSOCb  system,  while  Choi  et 
al.  reported  that  the  diffusion  coefficients  were 
in  the  range  of  10'9  to  10‘H  cmV1  for  the  1.5M 
LiAlCWSOCb  system.  The  discrepancy  be¬ 
tween  the  reported  values  has  been  noted,  but 
comprehensive  studies  have  not  been  reported. 

The  object  of  the  present  paper  is  to  systemati¬ 
cally  investigate  the  effects  of  reaction  time, 
LiAlCb  concentration  and  temperature  on  the 
dynamics  of  film  formation  processes  during  the 
electroreduction  of  thionyl  chloride  using  mi¬ 
croelectrode  techniques.  The  use  of  various 
transient  electrochemical  techniques  to  study  the 
reaction  provided  an  insight  into  the  reduction  of 
thionyl  chloride.  In  addition,  we  also  report  the 
results  of  electrode  kinetics  at  a  nearly  fresh 
electrode. 

The  mass  transport  and  electron  transfer  charac¬ 
teristics  of  thionyl  chloride  reduction  were  stud¬ 
ied  using  fast  scan  cyclic  voltammetric, 
chronoamperometric,  and  pulse  voltammetric 


techniques.  Diffusion  coefficients  are  in  the 
range  of  10'11  to  10'9  cmV1,  depending  on  the 
temperature,  reaction  time,  and  LiAlCb  concen¬ 
tration.  The  results  obtained  support  the  conjec¬ 
ture  that  a  porous  film  formed  on  the  Pt  elec¬ 
trode  surface  during  the  electrochemical  reduc¬ 
tion  of  thionyl  chloride.  The  standard  rate  con¬ 
stants  range  from  10'5  to  10‘4  cm/s  at  a  nearly 
fresh  electrode  surface,  depending  on  the  tem¬ 
perature  and  UAICI4  concentration.  We  also 
conclude  from  this  study  that  it  is  important  to 
run  the  batteiy  at  a  high  LiAlCb  concentration 
because  0.5M  LiAlCb  shows  higher  activation 
energy  and  a  lower  diffusion  coefficient. 
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The  objective  of  this  work  is  to  synthesize  new  and  novel 
superacid-based  lithium  salts  with  improved  ionic 
conductivity  and  good  electrochemical  stability  for 
rechargeable  lithium  batteries  which  are  useful  in  special 
medical  devices  and  in  Space  applications.  Several  new 
lithium  imide  salts  with  large  anions  have  been 
synthesized  and  characterized  for  electrochemical 
stability  and  conductivity  in  mixed  solvent  systems.  Solid 
polymer  electrolyte  (SPE)  films  of  the  salts  with 
polyethylene  oxide  with  different  compositions  have  been 
prepared  and  their  conductivities  have  been  measured  as  a 
function  of  temperature.  Lithium  transport  properties  and 
interfacial  stability  of  the  electrolyte  in  cells  are 
influenced  by  the  structure  and  properties  of  of  lithium 
polymer  electrolyte  material  (1).  Important  factors  that 
contribute  to  enhanced  transport  properties  of  lithium 
polymer  electrolytes  are  the  local  segmental  mobility  of 
the  solvating  group  in  the  polymer,  the  amorphous  phase 
and  the  concentration  of  carrier  ions  (1-4  ).  We  have 
successfully  synthesized  eight  new  lithium  superacid  salts 
with  large  anions,  purified  them  and  characterized  them 
for  electrochemical  stability  and  processability.  Some  of 
the  promising  salts  are  lithium  1 , 1 , 1  ,trifluromethyl 
sulfonylperfluorobutylsulfonimide 
(CF3S02NLiS02C4F9),  lithium  bis(nanofluorobutyl- 
sulfonyl)  imide  (C4F9S02)2NLi,  lithium  1,1,1- 
trifluoromethyl  sulfonyl  perfluorooctane  sulfonimide 
(CF3S02NLiS02C8F|7)  and  N-(2-methoxyethyl) 
perfluorobutyl  sulfonamide  of  lithium.  The  salts  with  low 
molecular  weight  have  shown  good  solubility  in  mixed 
solvent  system  EC/DMC/DEC  and  all  these  salts  are 
stable  up  to  5.  0  V  versus  Li.  The  solution  (1  M)  of 
CF3S02NliS02C4F9  in  solvent  system  shows  conductivity 
at  6.6X1  O'3  S/cm  at  room  temperature.  We  have  prepared 
SPE  films  of  these  salts  with  polyethylene  oxide  with 
different  Li/O  ratios  and  measured  their  conductivity  as  a 
function  of  temperature.  We  have  also  studied  the  effect 
of  filler  materials  such  as  amorphous  silicon  dioxide  and 
aluminum  oxide  as  well  as  polymer  blends  like 
polymethylmethacrylate  (  PMMA  )  in  composite  SPE 
films.  We  have  fabricated  lithium  ion  cells  of  nominal 
capacity  of  100  m  Ah  to  2.  3  Ah  with  carbon  anode 


mesocarbon  microbeads  (MCMB)  and  lithium  cobalt 
oxide  as  well  as  lithium  manganese  dioxide  cathodes.  We 
have  evaluated  their  performance  for  charge  and 
discharge  rates  and  cycle  life.  These  cells  show  low 
impedance  and  excellent  charge  and  discharge  rate 
capability  and  very  good  cyclability.  The  experimental 
results  are  discussed  in  terms  of  lithium  salt  structures 

Charge  and  discharge  profiles  of  100  m  Ah  cells  at  C/5 
rate  have  been  evaluated  for  cell  voltage  versus  delivered 
efficiency  and  they  show  nearly  100  %  efficiency. 
Irreversible  capacity  loss  for  cells  with  MCMB  carbon  in 
mixed  solvent  system  EC/DMC/DEC  is  appreciably  low. 
Cells  with  charge  cut  off  at  4.15  V  at  C/10  rate  and 
discharge  at  C/5  rate  provide  80  cycles.  100  m  Ah  cells 
stored  for  two  months,  on  discharging  at  C/5  rate  with 
charge  control  at  C/10  rate  provide  well  over  450  cycle  at 
100  %  efficiency.  100  m  Ah  cells  on  cycling  at  C/10  rate 
with  charge  control  at  C/10  provide  more  than  150  cycles 
with  a  loss  of  about  10  %  capacity.  Lithium  metal 
polymer  cells  of  about  100  m  Ah  capacity  can  be  charged 
and  discharged  at  low  rates  and  efforts  are  being 
continued  to  prepare  new  electrolytes  with  high 
conductivity  with  a  view  to  improve  the  rate  capability. 
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It  is  now  generally  accepted  that  lithium  batteries 
with  solid  polymer  electrolytes  offer  attractive  advantages 
such  as  elimination  of  electrolyte  leakage,  recharge 
ability,  applicability  of  thin  film  technology  in  the 
production  process  [1].  However,  few  commercial 
products  of  this  type  are  available  to  date  due  to  severe 
problems  with  low  conductivity  and  ambient  temperature 
efficiency  of  cells. 

Batteries  with  poly  (ethylene  oxide)  (PEO)-based 
electrolytes  have  been  widely  examined  [2,3].  The  major 
problems  lie  with  the  following  aspects:  (i)  PEO’s 
crystallization  affects  its  ionic  conductivity  and  makes  it 
poorly  contact  with  electrodes.  Crosslinking  can  eliminate 
the  crystallization  and  improve  its  corresponding 
properties,  (ii)  Poor  mechanical  strength  when  plasticizers 
are  used  to  improve  ionic  conductivity.  Crosslinking  or 
blending  with  another  one  or  two  polymers  can  solve  such 
a  problem  to  some  extent,  (iii)  Poor  stability  in  contact 
with  lithium  electrode  because  of  its  carbon  /  oxygen 
bonds  and  moisture  sensitivity,  which  will  result  in  a 
passivation  layer  in  between  lithium  electrode  and 
polymer  electrolyte.  The  structure  of  this  passivation  layer 
is  not  well  understood,  but  it  is  known  that  this 
uncontrolled  passivation  phenomena  affect  the  cyclability 
of  lithium  electrodes  and  therefore  the  entire  lithium 
battery. 

Scrosati  and  co-workers  [4,5]  have  demonstrated 
that  the  addition  of  inorganic  fillers,  such  as  LiA102  or 
zeolites,  improves  electrode-electrolyte  compatibility  and 
reduces  the  passivation  phenomena.  It  has  been  reported 
by  Borkowska  et  al  [6]  that  the  growth  of  the  resistance  of 
passive  layers  is  limited  for  blend-based  poly  (ethylene 
oxide)  (PE0)-LiC104  electrolytes  with  various 
methacrylic  and  acrylic  polymers  used  as  additives. 
Scrosati  et  al  [7]  also  reported  an  even  stronger  effect  of 
poly  (methyl  methacrylate)  (PMMA)  on  the  stabilization 
of  electrode-electrolyte  interface  for  a  variety  of  PMMA- 
based  gel  electrolytes.  Recently,  W.  Wieczorek  and  J.R. 
Stevens  [8]  showed  that  the  properties  of  lithium 
electrode-polymer  electrolyte  interface  have  been 
improved  after  the  in  situ  polymerization  of  methyl 
methacrylate  in  a  solution  of  LiCF3S03  in  an  ethylene 
oxide-propylene  oxide  copolymer. 

In  the  present  paper,  we  will  describe  the 
synthesis  of  a  new  sequential  interpenetrating  polymer 
network  (IPN)  electrolyte  based  on  methacrylate.  The 
effect  of  polymerized  MMA  on  the  characteristic  of 
lithium-polymer  electrolyte  interface  is  studied  for  this 
interpenetrating  polymer  network  electrolytes  obtained  by 
polymerization  of  methyl  methacrylate  (PMMA)  in 
crosslinked  poly  (ethylene  glycol)  methyl  ether 
methacrylate  (PEGMEM).  The  effect  of  the  PMMA 
concentration  on  the  conductivity  and  electrode¬ 
electrolyte  interfacial  resistance  is  discussed  on  the  basis 
of  impedance  spectroscopy  data  obtained  in  a 


symmetriacal  cell  with  two  lithium  electrodes.  The 
thermal  characteristics  of  these  electrolytes  have  been 
studied  by  differential  scanning  calorimetry  (DSC).  Li+ 
transference  numbers  were  evaluated  at  room  temperature 
on  the  basis  of  ac  impedance  and  dc  polarization 
measurements  developed  by  Evans  et  al  [9]. 
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electrolyte  systems. 

The  T|  relaxation  curves  were  single  exponential  for 
the  all  components,  but  and  spin-echo  curves  (T2)  curves 
were  single  exponential  only  for  the  anion.  The 
temperature  dependence  of  the  T[  value  for  the  cation  and 
the  polymer  were  observed  to  have  T,  minima  and 
calculated  correlation  times  indicate  that  the  reorientation 
motion  of  the  cation  is  slower  than  the  polymer  motion. 


INTRODUCTION 

The  cross-linked  random  copolymer  of  the  ethylene 
oxide  (EO)  and  the  propylene  oxide  (PO),  /?o/y(EO-PO)  is 
a  candidate  polymer  for  use  in  the  lithium  batteries.  At 
present,  the  ion  conductivity  of  these  polymer  electrolytes 
is  not  large  enough  for  practical  usage.  We  have  reported 
the  studies  on  the  ionic  conduction  mechanisms  in  organic 
electrolytes  and  chemically  cross-linked  po/>(ethylene 
oxide)  gel  clcctrolytcs.i‘i|,  In  the  present  work,  we 
measured  the  ionic  conductivity  and  the  self-diffusion 
coefficients  by  using  pulsed  gradient  spin-echo  (PGSE) 
NMR  for  clarification  of  the  ionic  conduction  mechanism 
in  the  cross-linked  polymer  electrolytes.  We  found  that 
the  self-diffusion  coefficients  of  the  anion  and  lithium 
ions  showed  the  dependence  on  the  time  (i.e.,  a 
measurement  parameter  A,  the  separation  between  the 
gradient  pulses).  Usually  the  a  long  A  is  adopted  for  the 
reliable  value  and  the  present  phenomenon  has  not  been 
reported. 5'8) 

EXPERIMENTAL  PROCEDURE 

The  polymer  electrolytes  were  prepared  by  cross- 
linking  reaction  of  the  tri-acryroyl  terminated  EO-PO 
macromer  (Daiichi  Kogyo  Seiyaku)  after  dissolving 
LiN(CF3S02)2  (Central  Glass  Co.,  LTD).  The  various  salt 
concentration  electrolytes  (O/Li=10/l,  20/1  and  30/1) 
were  prepared.  The  ionic  conductivity  measurement  was 
performed  by  ac  impedance  method.  The  self-diffusion 
coefficient  of  the  cation  (7Li),  anion  (,9F)  and  polymer 
('H)  were  measured  by  PGSE-NMR  method  at  various 
temperature,  and  also  studied  on  the  dependence  of  A. 
The  spin-lattice  relaxation  time  (T|)  and  the  spin-spin 
relaxation  time  (T2)  were  also  measured. 


CONCLUSION 

In  the  present  polymer  electrolytes,  clearly  the  ion 
transport  phenomena  are  not  the  simple  free  diffusion.  It 
seems  to  diffuse  similar  to  a  mode  of  diffusion  in  the 
fractal  network,  but  can  not  be  fully  interpreted  by  the 
theory  available.  The  motions  of  the  lithium  and  the 
polymer  are  fast  in  the  small  region  but  the  long-range 
diffusion  is  limited.  The  macroscopic  ionic  conduction  is 
mainly  carried  out  by  the  anion  diffusion.  As  the  polymer 
electrolytes  without  any  solvent,  the  present  electrolytes 
have  relatively  high  ionic  conductivity,  but  the  transport 
number  of  the  lithium  is  too  small  to  be  used  practically. 
As  well  known,  the  slow  cation  diffusion  is  a  serious 
problem  in  the  polymer  electrolytes.  Since  the  lithium 
motions  are  closely  correlated  with  those  of  the  polymer, 
it  is  necessary  to  clarify  the  relationship  between 
microscopic  polymer  structure  and  ion  diffusion. 


WE 
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RESULTS  AND  DISCUSSION 

The  Arrhenius  plots  of  the  ionic  conductivity  for  the 
polymer  electrolytes  are  given  a  typical  VTF  behavior. 
The  VTF  equation  was  found  to  provide  a  good  fit  to  the 
data  and  the  results  of  the  regression  are  shown  in  the 
figure.  When  the  salt  concentration  was  O/Li=20/l,  the 
apparent  temperature  dependence  of  the  ionic 
conductivity  suggests  higher  performance  compared  to 
those  with  other  salt  concentrations,  and  at  the  same  time 
higher  ionic  conductivity  was  obtained  at  higher 
temperature. 

The  anion  diffusion  behavior  in  the  polymer  can  be 
explained  by  the  single  species  diffusion,  however,  the 
measured  diffusion  coefficients  depend  on  the  time  scale, 
A,  the  diffusion  measurement  parameter  between  the 
pulse  gradients.  (See  Fig.  1.)  These  phenomena  have  not 
yet  reported  and  are  difficult  to  interpret  by  present 
theoretical  treatment.  However,  the  apparent  activation 
energy  (Ea)  obtained  by  the  Arrhenius  plots  of  the  anion 
diffusion  coefficients  at  long  A  are  closed  to  that  from  the 
ionic  conductivity.  On  the  other  hand,  the  diffusion 
coefficients  of  the  lithium  are  much  smaller  than  those  of 
the  anions  at  every  A.  Also  it  is  well  known  that  low 
transport  number  of  lithium  ion,  thus  the  ionic  conduction 
strongly  depends  on  the  anion  diffusion  in  these 


A  /ms 

Figure  1 .  The  apparent  diffusion  coefficients  of  the  anion 
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(  F)  are  plotted  versus  large  delta  at  various  temperature 
when  the  salt  was  LiTFSI  (O/Li=20/1)  used. 
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Highly  ionic-conductive  polymer 
electrolytes  (PE),  formed  by  complexes  of 
alkali  metal  salts  and  polyethers,  currently 
attract  considerable  interest  because  of  their 
potential  applications  as  solid  electrolytes  in 
various  electrochemical  devices  such  as 
solid-state  batteries,  memory  devices  and 
“smart  windows”.  Furthermore,  PEs  are  of 
fundamental  theoretical  importance  as 
model  materials  for  investigations  of 
conduction  paths  in  anisotropic 
semicrystalline  systems. 

Most  of  the  research  on  new  PEs  has 
been  guided  by  the  principle  that  ion 
transport  is  strongly  dependent  on  local 
(segmental)  motion  of  the  polymer  in  the 
vicinity  of  the  ion.  Semi-crystalline  solid 
polyethylene  oxide)  (PEO),  having  an 
extended  helical  structure  with  polar  repeat 
units,  is  the  most  intensively  studied 
polymer  and  serves  as  a  prototype  for  the 
structural  features  in  most  advanced 
polymer-electrolyte  hosts.  The  intrahelix 
location  of  the  cations,  found  by  Bruce  [1], 
gives  grounds  to  expect  that  cation  transport 
may  occur  along  the  helical  axis  [2]  and 
alignment  of  the  polymer  chains  should  be 
followed  by  an  increase  in  ionic 
conductivity. 

For  the  LiI-P(EO)2o  polymer  electrolyte 
we  were  the  first  to  find  five-fold  stretching- 
induced  conductivity  enhancement  in  the 
axial  force  direction  [3].  With  the  use  of 
solid  state  NMR  it  has  been  demonstrated 
that  intemuclear  Li-H  distances  and  local  Li- 
O  bond  lengths  and  angles  are  altered  upon 
the  application  of  a  uniaxial  stress  on  a  film 
of  P(EO)2o-LiI  [4].  Changes  in  the  long- 
range  structure,  shown  by  the  angular 
dependence  of  the  lithium-7  NMR 
linewidths,  clearly  illustrates  the  alignment 
of  the  crystalline  regions  in  the  direction  of 
the  applied  stress.  On  the  basis  of  the 
negative  correlation  between  segmental 
polymer  motion  and  ionic  conductivity 
enhancement,  we  raise  the  possibility  of  Li+ 
cation  migration  channels  within  the  helical 
chain  and  possible  anion  movement  on  the 
helix  envelope. 

Of  crucial  importance,  when  discussing 
mechanisms  of  ion  transport,  is  the  number 
of  charge  carriers,  since  in  concentrated 
polymer  electrolytes,  formation  of  ion 
aggregates  strongly  influences  ion  mobility. 
Because  ion  aggregation  is  strongly 
influenced  by  salt  concentration  and  varies 
among  anions,  in  this  work  we  focus  on  the 


effect  of  stretching  on  ionic  conductivity  and 
structural  properties  of  LiX-P(EO)n,  (X- 
iodide  and  imide)  with  the  ether  oxygen-to- 
Li+  ratio  (n)  varying  from  40: 1  to  3:1. 

AC  impedance,  XRD,  XPS,  SEM, 
DSC  and  solid-state  NMR  data  will  be 
presented. 
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Plasticized  PVDF-HFP-Si02  polymer 
electrolytes  have  been  widely  prepared  by  a 
Bellcore’s  process,  resulting  in  a  nanoporous 
morphology  [1].  It  has  been  recently  reported 
that  increasing  pore  size  (e.g.  to  microporous) 
in  PVDF  matrix  can  enhance  its  ionic 
conductivity  and  therefore  improve  the  cell 
performance  [2-4].  This  paper  presents  a  new 
method  of  preparing  microporous  PVDF-HFP 
film  as  follows: 

PVDF/HFP  copolymer  (KYNAR  2801, 
ELF  Atochem),  PC  and  fumed  silica, 
30%:50%:20%  by  weight,  were  mixed  in 
acetone/alcohol  solvents.  Acetone  is  a  solvent 
and  alcohol  a  non-solvent  for  PVDF-HFP.  The 
resulting  slurry  was  cast  with  a  doctorblade 
onto  a  polyester  sheet  to  form  a  thin  blend  film 
after  solvent  evaporation. 

The  PC  component  was  removed  under 
vacuum  at  room  temperature.  Fig  1  is  the  SEM 
micrograph  of  the  film  prepared  from  a  casting 
solvent  containing  75wt.%  of  acetone  and 
25wt.%  of  butanol,  clearly  showing  a 
microporous  morphology.  Substitution  of 
methanol  and  ethanol  alcohol/acetone  in  the 
same  ratios  result  in  microporous  structure, 
with  the  pore  size  being  somewhat  smaller  in 
the  case  of  methanol.  After  soaking  in  1  M 
LiPFe/EC+DMC  electrolyte,  conductivity 
measurements  show  a  value  of  1.8  mScm*1  for 
the  films  prepared  from  acetone/butanol  and 
acetone/ethanol  mixed  solvents,  and  0.9  mScm' 
1  for  the  methanol  case.  When  no  alcohol  was 
present  in  the  casting  solvent,  no  microporous 
structure  was  observed  and  the  film  had  lower 
conductivity,  0.7  mScm'1.  The  amount  of 
butanol  used  in  the  mixed  casting  solvent  were 
examined  (14,  33,  40  and  50wt.%),  and  the 
mechanical  properties  became  poor  when  more 
than  40wt.%  of  butanol  was  used. 

The  polymer  blend  film,  prepared  from 
acetone/butanol  casting  solvents,  was  placed 
between  LiCo02  cathode  and  MCMB  anode, 
and  laminated  by  heating  rolling.  After  removal 
of  PC  under  vacuum  and  impregnation  with  the 
liquid  electrolyte,  the  laminated  cells  were 
subjected  to  cycling  test  with  cut-off  voltages 
of  4.2  and  2.5  V.  A  discharge  capacity  of  more 
than  100  mAhg1  at  C/8  was  obtained.  This  is  a 
promising  result  considering  that  loading  on  the 
composite  cathode  used  was  around  27  mgcm'2. 
Optimization  of  lamination  process  and  rate 
capacity  are  under  study. 

These  results  indicate  that  using  mixed 
casting  solvents,  with  one  of  the  components  a 


non-solvent  for  PVDF-HFP,  microporous 
morphologies  can  be  formed  that  result  in 
increased  conductivity  and  expect  improved 
rate  capability  for  the  Li  ion  batteries. 
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Fig  1.  SEM  of  a  cross  section  of  the  PVDF  film 
(magnification  :x2500) 
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Lithium  polymer  electrolytes  formed  by 
dissolving  a  lithium  salt  in 
polyethylene  oxide)  PEO  may  find  useful 
application  as  separators  in  lithium  rechargeable 
polymer  batteries.  The  main  drawback  of 
solvent-free  PEO-based  polymer  electrolytes  is 
their  high  cristallinity  at  room  temperature, 
which  reduces  the  conductivity  to  a  level  too 
low  to  satisfy  the  requirements  of  batteries  or 
other  devices.  In  this  poster  we  show  that  the 
addition  of  nanometric  filler  (Si02,  Ti02)  in 
P(E0)nLiC104  polymer  electrolytes  induces  an 
increase  of  the  transport  properties  respect  to  the 
corresponding  unfilled  ceramic-free  polymer 
electrolyte.  The  increase  in  conductivity  and 
cation  transference  number  was  attributed  to  the 
enlargement  of  the  total  amorphous  phase  in  the 
polymer  matrix  and  also  to  some  possible 
ceramic-electrolyte  interactions  in  according  to 
an  acid-base  Lewis  mechanism  [1,2,3]. 

In  order  to  study  the  effect  that  the 
addition  of  nanometric  filler  has  on  the 
crystallization  kinetic  of  P(EO)-based  polymer 
electrolytes  we  have  undertaken  an  impedance 
spectroscopy  study  on  samples  with  and  without 
the  ceramic  filler.  In  particular  in  this  poster  we 
show  that  the  nanometric  filler  can  perform  as  a 
solid  plasticizer  for  PEO  by  kinetically 
inhibiting  crystallization.  Furthermore,  our 
results  show  that  the  filler  addition  deeply 
influences  both  the  electrical  conductivity  and 
the  fraction  of  the  current  transported  by  the 
cations  of  the  samples. 
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Amphiphilic  copolymers  synthesized  by  radical 
copolymerisation  of  methacrylates  offer  great  flexibility 
in  the  design  of  polymer  gel  electrolytes  and  may  be 
promising  candidates  for  application  in  lithium  polymer 
batteries.'  Amphiphilic  copolymers  consists  of 
hydrophilic  and  hydrophobic  parts.  The  polymers  used 
in  this  study  had  a  methacrylate  backbone  carrying 
hydrophilic  diethylene  glycol  (DEG)  chains,  and 
hydrophobic  fluoroalky!  chains.  The  cations  of  the 
lithium  salt  co-ordinate  weakly  to  the  hydrophilic  units 
of  the  amphiphilic  copolymer  in  competition  with  the 
solvent,  when  applied  as  a  gel  electrolyte.2  The  presence 
of  DEG  units  ensures  a  high  solubility  of  the  copolymer, 
and  that  the  gel  electrolyte  will  not  phase  separate  at  a 
macroscopic  level.  The  hydrophobic  content  was  varied 
by  the  incorporation  of  different  amounts  of  fluoroalkyl 
methacrylates  in  the  copolymer  (table  1). 

Gel  electrolytes  based  on  PMMA  have  been  thoroughly 
studied  in  several  publications  in  recent  years,  and  can 
basically  be  regarded  as  passive  in  the  ion  conductive 
process.3  The  properties  of  gel  electrolytes  based  on  the 
amphiphilic  copolymers  were  compared  with  the 
properties  of  a  gel  electrolyte  based  on  PMMA.  These 
copolymers  function  as  ‘active’  polymer  matrices,  in 
contrast  to  the  polymers  commonly  used  in  conventional 
gel  electrolytes  such  as  PMMA. 

The  copolymers  were  characterized  with  respect  to 
structure  by  NMR  and  IR  spectroscopy,  and  with  respect 
to  the  thermal  properties  by  differentia!  scanning 
calorimetry.  Gel  electrolytes  containing  30  wt  % 
copolymer  were  prepared  by  using  an  electrolyte 
consisting  of  1.0  M  LiPF6  dissolved  in  y-butyrolactone. 
The  thermal  properties  of  the  gel  electrolytes  were 
studied  by  differential  scanning  calorimetry,  and  the  ion 
conductivity  was  measured  in  a  broad  temperature  range 
(-20  to  60  °C)  by  electrochemical  impedance 
spectroscopy  (EIS). 

The  results  showed  that  the  introduction  of  DEG  units 
on  a  polymcthacrylate  backbone  did  not  increase  the  ion 
conductivity  significantly,  as  compared  to  gel 
electrolytes  based  on  PMMA.  However,  with  the 
introduction  of  fluoroalkyl  units  in  combination  with 
DEG  units,  the  ion  conductivity  increased  substantially 
(Figure  1).  The  highest  ion  conductivity  was  observed 
for  a  gel  electrolyte  based  on  a  copolymer  containing  42 
wt  %  fluoroalkyl  methacrylate. 
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Table  1.  Polymer  composition  and  glass  transition 
temperature  determined  by  'H  NMR  spectroscopy 
and  DSC. 
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Figure  1.  Conductivity  plots  for  gel  electrolytes 
based  on  amphiphilic  copolymers  and  PMMA. 
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The  poly(acrylonitrile)(PAN)-based  polymer  gel- 
electrolytes  retain  most  of  the  high  ionic  conductivity 
characteristic  of  the  liquid  phase,  but  also  are 
mechanically  stable  enough  to  fit  the  requirements  of 
lithium  polymer  battery.  Nonetheless,  the  PAN-based  gel- 
electrolytes  undergo  solvent  exudation  upon  long  storage 
resulting  in  a  progressive  decrease  in  the  ionic 
conductivity.  The  compatibility  with  the  electrode 
materials  is  also  poor  when  a  lithium  or  a  carbon  anode  is 
contacted  by  the  PAN-gels. 

To  develop  a  new  polymer  gel-electrolyte  based  on  the 
modified  PAN,  polyacrylonitrile-co-bis[2-(2- 
methoxyethoxy)ethyl]itaconate  (abbreviated  as  PANI) 
copolymers  were  synthesized.  Since  the  PANI  as  a  host 
polymer  did  not  form  a  freestanding  film,  PANI  and  PAN 
blend  was  complexed  with  organic  solvents,  ethylene 
carbonate  (EC)  and  y-butyrolactone  (BL),  and  LiC104  salt. 
Polymer  electrolytes  of  PAN-PANI-EC/BL-LiC104  were 
prepared  for  freestanding  films  by  dissolving  PAN  and 
PANI  in  an  appropriate  amount  of  EC/BL-LiCIC>4  solution 
at  120*  and  evaporating  off  the  excess  solvents  in  Ar 
atmosphere.  Various  compositions  were  tested  in  order  to 
obtain  the  best  compromise  between  high  conductivity, 
homogeneity,  electrochemical  and  dimensional  stability. 

As  the  content  of  PANI  was  increased  in  PAN-PANI 
mixed  gels,  the  crystallinity  of  the  gels  was  greatly  reduced 
as  well  as  the  organic  solvents  were  thoroughly  mixed, 
resulting  in  higher  ionic  conductivity.  The  highest  room 
temperature  conductivity  of  1.9xl0'3  Scm1  was  found  for  a 
film  of  25PAN+l0PANI+50EC/BL+15LiClO4  as  shown  in 
figure  1.  The  current- voltage  response  of  a  stainless  steel 
electrode  of  a  Li/electrolyte/SS  cell  was  measured  as  shown 
in  figure  2.  The  anodic  limit  of  PAN-PANI  blend  film  was 
about  5.1  V  vs.  Li  and  was  slightly  higher  than  that  of  PAN- 
based  film.  The  time  evolution  of  interfacial  resistance  of  a 
Li/electrolyte/Li  cell  was  monitored  using  frequency 
response  analysis.  The  interfacial  resistance  of  the 
electrolytes  was  steadily  increased  with  time,  but  the 
increase  is  much  lower  in  the  case  of  PAN-PANI  blend 
films.  It  reveals  that  the  PAN-PANI  film,  as  compared  with 
pristine  PAN-based  film,  is  more  stable  toward  lithium 
electrode,  possibly  because  of  its  enhanced  ability  of 
trapping  liquid  solvent. 

In  conclusion,  the  addition  of  PANI  as  a  host  polymer 
in  the  PAN-based  gels  has  beneficial  effects  such  as 
higher  ionic  conductivity,  better  thermal  stability,  wider 
electrochemical  stability,  better  ability  of  containing 
organic  solvent  and  better  interfacial  stability  with  lithium 
electrode,  though  it  exhibits  slightly  less  mechanical 
rigidity.  The  PAN-PANI  blend  gel-electrolytes  are 
considered  to  be  a  promising  candidate  for  the  solid 
electrolytes  of  lithium  polymer  batteries. 
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Fig.  1  Temperature  dependence  of  the  ionic  conductivity  of 
PAN  +  PANI  +  EC/BL  +  LiC104  electrolytes. 
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Fig.  2  Current-Voltage  response  of  PAN  +  PANI  +  EC/BL 
+  LiC104  electrolytes. 
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Introduction 

Special  interest  is  currently  being  focused  on  the  use  of 
polymeric  electrolytes  in  lithium  battery  systems.  One  of 
the  solutions  to  the  problem  of  their  poor  conductivity  is  the 
addition  of  plasticizers  to  form  gel  type  membranes.(,) 
Another  solution  is  R&D  of  new  branched  polymers  with 
better  conductivity  at  room  temperature.*2* 

The  only  way  to  explore  the  surface  chemistry  that  is 
developed  in  the  interface  between  lithium  and  polymeric 
electrolytes  is  to  use  in  situ  techniques,  because  the  polymer 
electrolyte,  can  not  be  removed  properly  from  the  electrode 
for  the  performance  of  ex  situ  analysis.  The  best  technique 
for  studying  the  surface  chemistry  under  these  conditions  is 
in  situ  FTIR  spectroscopy.  In  this  report  we  present  the 
application  of  the  single  internal  reflectance  method/3*  in 
order  to  investigate  lithium-polymer  electrolyte  interfaces. 
In  this  method  the  IR  beam  hits  the  spectroelectrochemical 
window  from  the  back  and  is  reflected  from  the  internal 
interface  between  the  window  and  a  thin  metal  layer  W.E. 
The  beam  has  some  penetration  depth  beyond  the  reflective 
surface,  and  hence  can  be  partially  absorbed  by  the  species 
at  the  metal-solution  side.  Windows  inert  to  lithium  and 
solution  species  such  as  KBr,  NaCl,  etc.  can  be  used. 
Experimental 

The  experimental  setup  included  a  spectroelectrochemical 
cell  in  which  the  working  electrode  is  a  thin  layer  of  gold 
deposit  on  a  KBr  window  (lithium  disc  counter  electrodes). 
The  polymer  is  positioned  between  the  two  electrodes, 
forming  a  thin  layer  type  cell.  The  spectroscopic 
measurements  used  the  single  internal  reflectance  method*3* 
(a  Nicolet  860  FTIR  spectrometer  with  a  grazing  angle 
reflectance  accessory). 

Each  experiment  included  a  measurement  of  an  OCV 
spectrum  before  the  electrochemical  process,  followed  by 
galvanostatic  steps  (lithium  deposition  and  dissolution)  and 
measurements  of  spectra  after  each  step.  Two  types  of 
polymers  were  studied.  One  is  a  poly(vinylidene  difluoride- 
hexafluoropropylene)  (PVdF-HFP)  gel  type  polymer  for 
R.T,°*  with  ethylene  carbonate  (EC)  and  propylene 
carbonate  (PC)  as  plasticizers,  and  LiC104  as  the  salt.  The 
concentration  of  EC/PC  LiC104  1M  solution  in  the  matrix 
was  20%  by  weight.  The  other  one  was  polyethylene 
oxide-  2-(2-methoxyethoxy)ethyl  glycidyl  ether] 
(P(EO/MEEGE))  with  LiC104  as  the  saIt.*2)The  [Li]/[0] 
ratio  was  0.08.  The  second  polymeric  system  was  measured 
at  elevated  temperatures  (>50  °C). 

Results  and  discussion 

We  present  herein  a  typical  result  of  interfacial  studies  of 
these  polymeric  systems  with  lithium  surfaces.  The  figure 
shows  spectroscopic  results  that  were  measured  with  the 
PVdF-HFP  gel  type  electrolyte  at  room  temperature. 
Spectrum  a  was  measured  at  OCV  and  contains  mainly 
superimposed  spectra  of  EC  and  PC  (the  plasticizers). 
Spectrum  b  was  obtained  by  subtracting  the  OCV  spectrum 
from  the  one  that  was  measured  after  lithium  deposition.  In 
this  spectrum  the  original  features,  belonging  to  the 


electrolyte  system,  are  absent  due  to  successful  subtraction, 
and  new  peaks  are  present  around  1620-1550  cm'1  1300  cm' 

1  1200-1 100cm'1  and  830  cm'1. 

Such  a  combination  of  peaks  is  an  indication  of  the 
formation  of  lithium  alkyl  carbonates  in  the  lithium-gel 
interface.  These  compounds  are  formed  by  the  reduction  of 
the  EC/PC  mixture*3*  in  the  gel,  at  potentials  close  to  that  of 
lithium  deposition.  From  the  spectroscopic  results,  there  is 
no  evidence  that  the  PVdF  itself  undergoes  a  reduction 
process  under  these  conditions.  Studies  of  other  polymeric 
systems  are  in  progress. 
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The  polymeric  gel  electrolytes(PGE),  which  consist  of 
polymer  matrix,  plasticizer  and  Li  salt,  have  been 
extensively  studied  for  the  application  to  lithium-based 
battery  because  of  their  high  ionic  conductivity  over  10'3 
S/cm  at  room  temperature.  However,  there  is  no 
commercialization  of  Li  based  secondary  battery  using 
PGEs  as  an  electrolyte,  yet.  One  of  crucial  reasons  seems 
to  be  its  poor  mechanical  strength  which  do  not  allow 
easy  construction  of  a  unit  battery  cell  configuration.  The 
purpose  of  the  present  study  is  to  investigate  the 
possibility  of  improvement  of  the  mechanical  strength  of 
PGE  with  the  aid  of  glass  fiber  cloth(GFC)  as  a 
reinforcing  material  to  be  applicable  to  Li-ion  battery.  In 
particular,  PAN-based  composite  polymer  electrolytes 
with  GFC  as  a  reinforcing  agent  were  prepared  because 
PAN  based  polymer  electrolyte  have  better  performance 
and  safety  than  conventional  polyether-  based  gel 
electrolytes  for  battery  applications.  Polymeric  gels  were 
made  by  polyacrylronitrile(PAN)  blended  with 
poly(vinylidene  fluoride-co-hexafluoropropylene)  (P(VdF 
-co-HFP)),  and  reinforced  by  glass  fiber  cloth  (GFC)  to 
increase  the  mechanical  strength.  The  PGE-GFC  films 
with  a  thickness  of  40-80  pm  were  obtained  by  casting 
the  gel  solution  onto  a  glass  sheet  substrate  laying  a  GFC 
with  thickness  of  38  pm  in  a  dry  argon  box.  Table  1 
summarize  the  electrolyte  compositions  of  the  four 
different  types  of  PGE-GFCs.  To  check  the  electro¬ 
chemical  stability  of  PGE-GFC,  Fig.  1  illustrates  the 
current- voltage  responses  of  electrolytes  obtained  in 
different  compositions.  It  can  be  seen  that  anodic 
decomposition  voltage  limits  are  close  to  5.0  V  for  all 
PGE-GFCs,  indicating  that  there  is  no  decomposition  of 
GFCs  in  the  polymric  gel  in  this  potential  region.  Table  2 
shows  ionic  conductivities  of  the  PGE-GFCs  at  room 
temperature.  Ionic  conductivities  of  the  PGE-GFCs 
samples  showed  over  approximately  10'3  S/cm  at  room 
temperature  and  it  is  almost  the  same  with  PAN  based 
electrolytes  without  any  reinforcing  materials.  This  means 
that  conductivities  of  polymeric  gel  electrolyte  are  not 
decreased  with  the  introduction  of  the  GFC  to  the  gel, 
implying  that  GFC  do  not  significantly  inhibit  the  motion 
of  Li  ion  in  the  polymeric  gel  matrix.  Cycling 
performance  of  the  test  cell  is  given  in  Fig.  2.  The  cell 
continues  to  be  cycled  over  400  cycles  without  showing  a 
significant  drop  in  capacity  and  retains  over  80%  of  the 
initial  capacity.  It  has  been  well  known  that  one  of  main 
causes  of  drop  of  cycle  life  is  a  creep  phenomena 
observed  in  polymer  gel  electrolytes  due  to  their 
viscoelasticty.  However,  our  results  suggest  that  GFC 
type  of  reinforcing  material  is  very  effective  to  prevent 
the  creep  of  polymer  gel  electrolyte  to  keep  the 
dimensional  stability.  Also,  there  is  no  interaction 
between  glass  fiber  and  Li+  ion  .  In  addition,  it  has  been 


known  that  when  solid  polymer  electrolyte  film  based 
cross-linked  polyethylene  oxide  was  bent  up  to  180°, 
cracks  were  developed  on  the  solid  polymer  electrolyte, 
depending  on  cross-linking  density[l].  This  indicates  that 
a  solid  polymer  electrolyte  is  fragile  when  the  relative 
cross-linking  density  of  polymer  is  too  high  to  increase 
the  mechanical  strength.  However,  the  GFC-GPE  did  not 
crack  due  to  the  flexibility  of  PGE  and  GFC 


Table  1.  Composition  of  PGE-GFC(wt%) 
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Polymer 

Placiticizer 

Salt 

Sample  # 

GFC(mg) 

PA 

N 

PVdF 

EC 

PC 

DE 

C 

LiC104 

1 

4 

8 

0.8 

37.2 

37 

13 

4 

2 

4 

8 

1.6 

36.7 

36.7 

13 

4 

3 

4 

8 

2 

37 

37 

12 

4 
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4 

7 

0.4 
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35.8 

15 
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Table  2.Ionic  conductivities  of  PGE-GFC  at  room 
temperature 


Sample  # 

Conductivities(S/cm) 

1 

2.88xl0'3 

2 

2.27xl0‘3 

3 

1.69x1 0’3 

4 

2.44x1  O'3 

E/V 


Fig.l. 
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Previously,  we  prepared  hyperbranched  poly[bis- 
(diethylene  glycol)benzoate]  (n=l)  (poly-Acla)  and 
poly[bis(triethylene  glycol)benzoate]  (n=2)  (poly-Aclb) 
with  terminal  acetyl  group  and  characterized  their 
polymer  electrolytes  with  lithium  salts  such  as 
LiN(CF3S02)2  and  LiCF3S03  [1,2].  Higher  ionic 
conductivity  was  observed  for  the  hyperbranched  polymer 
having  triethylene  glycol  chain  rather  than  diethylene 
glycol  chain,  and  for  LiN(CF3S02)2  rather  than  LiCF3S03. 
Moreover,  addition  of  ceramic  fillers  to  the  poly- 
Aclb/LiN(CF3S02)2  electrolyte  could  increase  the  ionic 
conductivity  and  the  mechanical  strength  of  the 
electrolyte  and  even  improve  the  interfacial  stability  with 
lithium  metal  [3].  In  this  work,  hyperbranched  polymer 
having  hexaethylene  glycol  chain  longer  than  triethylene 
glycol  chain,  poly[bis(hexaethylene  glycol)benzoate] 
(n=5)  (poIy-Aclc),  was  prepared  and  its  polymer 
electrolyte  with  LiN(CF3S02)2  was  characterized.  And 
also,  in  order  to  investigate  the  effect  of  hyperbranched 
polymer  as  an  additive,  blend-based  polymer  electrolyte 
composed  of  poly-Aclb,  linear  polyethylene  oxide) 
(PEO),  and  LiN(CF3S02)2,  was  characterized. 

Both  monomers  (n  =  2  and  5)  were  prepared  according 
to  the  procedure  reported  [4],  and  then  polymerized  in  the 
presence  of  a  dibutyltin  diacetate  catalyst  at  200  °C  for 
120  min  to  give  corresponding  hyperbranched  polymers 
with  the  molecular  weight  of  25000  for  n  =  2  and  of 
30000  for  n  =  5,  respectively,  in  60-70%  yield,  which 
were  purified  by  reprecipitating  each  solution  in  THF  into 
MeOH.  Terminal  hydroxy  group  of  the  resulting 
polymers  was  acetylated  by  the  reaction  with  acetyl 
chloride  according  to  the  method  reported  previously  [1], 
and  both  poly-Aclb  and  poly-Aclc  were  obtained  as 
brown  rubber-like  solids  in  70-80%  yields. 

Fig.  1  shows  the  isotherm  curves  of  the  ionic 
conductivity  at  the  range  of  30-80  °C  against  the  lithium 
salt  concentration  from  a  [Li  salt]/[ repeat  unit]  ratio  of  0.3 
(Li/O=0.02)  to  4.2  (Li/O=0.28)  for  the  poly-Aclc/ 
LiN(CF3S02)2  electrolyte.  Conductivity  maximum  was 
observed  at  [Li  salt]/[ repeat  unit]  ratio  of  0.6  (Li/O=0.04) 
similar  to  that  of  any  other  reported  PEO-based  polymer 
electrolytes,  but  this  behavior  is  different  from  that  of  the 
poly-Aclb/LiN(CF3S02)2  electrolyte  reported  previously 
[1,2].  This  indicates  that  the  longer  is  ethylene  oxide 
chain  length  in  this  hyperbranched  polymer,  the  more  the 
performance  becomes  similar  to  linear  PEO.  At  a  [Li 
salt]/[repeat  unit]  ratio  of  0.6,  the  ionic  conductivity 
reaches  9  x  10 5  S/cm  at  80  °C  in  the  isotherm  curve. 
After  this  maximum  value,  the  conductivity  decreases 
very  slowly  with  increasing  lithium  concentration, 
different  from  linear  PEO-based  polymer  electrolytes, 
probably  due  to  hyperbranched  structure. 

The  electrochemical  stability  of  the  poly-Aclc/ 
LiN(CF3S02)2  electrolyte  was  determined  by  cyclic 
voltammetry  using  stainless  steel  (SS)/polymer  electrolyte 
/SS  cell  at  70  °C  and  the  electrolyte  was  found  to  be  stable 
until  5.2  V. 

The  effect  of  hyperbranched  polymer  (poly-Aclb)  as 
an  additive  on  the  ionic  conductivity  (a)  and  lithium  ion 
transference  number  (tu)  of  the  PE0/LiN(CF3S02)2  (Li/O 
=0.125)  electrolyte  was  examined  at  80  °C  and  the  results 


are  summarized  in  Table  1.  Addition  of  10wt%  poly- 
Aclb  enhanced  the  ionic  conductivity  and  the  ion 
transference  number.  And  also,  addition  of  the 
hyperbranched  polymer  was  more  effective  to  an 
improvement  of  the  ionic  conductivity  in  the  region  of 
relatively  low  temperature  (Fig.  2). 
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R  =  OCH?CHj(OCH*CHj)n 


n  =  1:  poly-Acla 
n  =  2:  poly-Aclb 
n  =  5:  poly-Aclc 


Hyperbranched  Polymers 


ratio  of  Li  salt  to  polymer  repeat  unit 

Fig.  1.  LiN(CF3S02)2  concentration  dependence  of  the 
conductivity  of  the  electrolytes  based  on  poly-Aclc. 


Table  1.  c  and  tu  of  the  blend-based  polymer  electrolytes 
_ at  80  °C  with  Li/O  =  1/8  ratio 


Poly-Aclb 
/PEO  in  wt% 

0/100 

10/90 

20/80 

50/50 

a  x  104  S/cm 

7.0 

8.1 

6.8 

2.9 

tu 

0.09 

0.15 

0.20 

0.37 

Fig.  2.  Temperature  dependence  of  the  electrolytes  for 
the  poly-Aclb/PEO  and  for  the  PEO  with  LiN(CF3S02)2. 
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The  dielectric  constant  and  donor  number,  which 
are  the  controlling  factors  for  the  charge  carrier 
concentration  in  liquid  or  polymer  electrolytes1,  were 
estimated  utilizing  the  fluorescence  and  ultraviolet-visible 
(UV-VIS)  spectroscopy.  For  the  measurement  of 
dielectric  constant,  pyrene  was  added  into  the  electrolytes 
as  the  fluorescence  probe  and  the  resulting  emission 
spectra  were  analyzed  to  obtain  the  Py  values.2  The  donor 
number  of  electrolytes  was  estimated  by  monitoring  the 
UV-VIS  absorption  maximum  of  a  Cu  complex  that  was 
used  as  the  color  indicator.3  When  these  methods  were 
applied  to  organic  solvents,  there  appeared  a  good 
correlation  between  the  Py  value  and  dielectric  constant 
and  also  between  the  and  donor  number  (Fig.  1).  The 
dielectric  constant  and  donor  number  of  gel-type  polymer 
electrolytes  were  estimated  using  these  methods.  For 
example,  when  PEO  was  added  into  the  liquid  electrolytes 
composed  of  LiC104(l)EC(8.3)PC(3.0)  to  have  gel-type 
electrolytes,  an  increase  of  PEO  addition  led  to  an 
increase  in  the  Xmax  and  a  decrease  in  the  Py  value, 
indicative  of  an  increase  in  the  donor  number  but  a 
decrease  in  the  dielectric  constant  (Fig.  2).  The  infrared 
study  revealed  that  the  free  ion  fraction  in  the  gel 
electrolytes  becomes  enriched  with  PEO  addition.  It  was 
thus  concluded  that  the  donor  number  is  more  effective 
than  the  dielectric  constant  in  controlling  the  ion  solvating 
ability  of  solvents  or  polymers. 
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Figure  1.  Calibration  curve  for  the  estimation  of  dielectric 
constant  (a)  and  donor  number  ( b )  of  organic  solvents. 


Figure  2.  Variation  of  Py  value  and  ?w  with  an  addition 
of  PEO  into  LiC104(l)EC(8.3)PC(3.0)  solution. 


iuu/ 


Abstract  No.  307 

Electrochemical  Properties  of  Gel  Electrolytes 

A.Reiche,  A.Weinkauf,  B.Sandner 

Martin-Luther-Universitat  Halle-Wittenberg,  Institut  fur 
Technische  und  Makromolekulare  Chemie, 

Geusaer  Str.  D-06217  Merseburg,  Germany 
e-mail:  reiche@chemie.uni-halle.de 

Gel  electrolytes  are  potential  candidates  for  application  as 
electrolyte  and  separator  in  Li  batteries  because  they 
combine  a  high  mechanical  stability  with  a  high  charge 
carrier  mobility.  However,  it  is  expected  in  the  literature  that 
their  electrochemical  properties  are  comparable  to  that  of 
the  corresponding  liquid  electrolytes. 

Meanwhile  some  studies' 2  indicate  a  reduced  aggressivity 
of  a  liquid  electrolyte  in  a  gel  towards  the  anode  resulting  in 
a  stabilization  of  the  interface  between  Li  and  electrolyte 
and  an  enhanced  Li  cyclability.  For  explication,  it  can  be 
assumed  that  the  polymer  is  involved  in  the  formation  of  the 
solid  electrolyte  interface,  due  to  the  reactivity  of  functional 
groups  at  the  polymer  or  the  reduction  of  the  reactivity  of 
the  plasticizer  caused  by  interactions  with  the  polymer,  for 
example. 

The  present  contribution  focuses  on  the  electrochemical 
properties  of  gel  electrolytes  on  the  basis  of  oligo(ethylene 
glycol)ndimethacrylates  ((EG)r,DMA)4  and  on  the  basis  of 
copolymers  of  maleic  anhydride  (MAN)  with  oligo(ethylene 
glycoI)4  divinylether  ((EG)4DVE)3. 

They  have  been  prepared  by  photopolymerization  of  the 
monomers  in  the  presence  of  a  solution  of  LiCF3S03  in  a 
plasticizer,  e.  g.  a  mixture  of  oligo(ethylene 
glycoI)„dimethylethers  ((EG)„DME)  with  n  =  4  and  11 
((EG)nDME/ (EG)nDME  =  lg/ lg).  Previous  works 
indicate  that  the  variation  of  monomer  and  plasticizer  results 
in  dramatic  changes  in  the  structure  and  thermal  properties 
of  the  gels.4  Homogeneous  and  heterogeneous  gel 
electrolytes  were  synthesized  with  significant  differences  in 
ionic  conductivity  and  cationic  transference  number  t*. 
Both  are  higher  in  the  case  of  heterogeneous  gel 
electrolytes,  (ca.  5*10's-10‘4  S/cm  at  25°C,  f+~0,5  with 
(EG)mDME  as  a  plasticizer)  as  a  result  of  a  higher 
attainable  plasticizer  content  and  a  restricted  ability  of  the 
polymer  to  interact  with  the  cations3,4. 

Figure  and  Table  show  the  results  of  cyclic  voltammetry  of 
various  gel  electrolytes,  differing  significantly  in  the 
electrochemical  properties,  despite  of  the  use  of  the  same 
liquid  electrolyte.  The  highest  Li-plating  stripping  efficiency 
is  registrated  for  gels  on  the  basis  of  poly(MAN-(EG)4DVE- 
EtO(EG)3MA).  EtO(EG)3MA  was  used  as  a  termonomer  to 
decrease  the  network  density.  On  the  contrary,  gels  based  on 
copolymers  of  (EG)3DMA  with  the  polar  monomer 
cyanomethyl  methacrylate  (CyMA)  are  not  stable.  The  CV 
indicates  a  very  low  Li-plating  stripping  efficiency  and  the 
irreversible  reduction  of  the  electrolyte  in  the  range  between 
1 ,7  and  0  V  versus  Li/Li+.  Irreversible  peaks  in  this  potential 
range  are  also  observed  in  the  CV  of  the  poly(MAN- 
(EG)4DVE-EtO(EG)3MA)  based  gels,  however  to  a  lower 
extent.  It  is  assumed  that  these  reactions  lead  to  a 
stabilization  of  the  Li  electroytc  interface  in  the  latter  case 
as  moreover  indicated  by  a  relatively  constant  impedance  of 
the  cell  during  the  course  of  the  experiment.  Even  gels  on 
the  basis  of  (EG)nDME  with  n  =  3  and  23  differ  concerning 
the  Li  plating-stripping  efficiency  and  the  anodic  stability 
explicable  by  a  stabilization  of  the  salt  in  homogeneous  gels 
due  to  simultaneous  interactions  of  the  charge  carriers  with 
the  polymer  and  the  plasticizer. 

It  can  be  expected  that  the  activity  of  ethers  versus  Li  is 
relatively  low.  Hence  the  Li  surface  chemistry  is  dominated 
by  the  reduction  of  the  anion  and  contaminants  providing  Li 
surface  layers  with  a  low  passivating  ability5.  There  hase 
been  a  number  of  additives  for  electrolytes  for  Li-batteries 
in  the  literature  suitably  to  provide  the  formation  of  a 
smooth  and  stable  interface  between  Li  and  electrolyte.  The 
study  indicates  that  this  role  can  be  played  by  the  polymer  in 
gel  electrolytes. 


Cyclic  voltammograms  of  various  gel  electrolytes  with  a  mixture 
of  (EG)nDME  and  (EG)4DME  as  plasticizer,  0,6  mol/kg 
UCF3S03,  1  mV/s,  Ni  as  WE,  Li  as  CE  and  RE 


Table  of  parameters  calculated  from  the  CV  above 


% 

plast. 

T 

I°C] 

Eff. 

[%J 

/« 

[mA/cmJ 

1 

f/<Jecomp. 

[V) 

p((EG)„DMA)  50 

25 

29 

4,7 

4,1 

p((EG)3DMA)  75 

25 

15 

13 

3,8 

p((EG)3DMA)-co-CyMA) 

75 

25 

10 

5,4 

3.3 

p(MAN-(EG)4DVE-EtO(EG)3MA) 
75  40 

48 

8,3 

4,1 

1  T.Osaka,  et  a!.,  J.  Power  Sources,  81-82  (1999)  734 

2  M.Kono,  et  al.,/  Power  Sources,  81-82  (1999)  748 

3  A.Reiche,  B.Sandner  et  al.,  Electrochimica  Acta,  in  press 

4  A.Reiche,  B.Sandner  et  al.,  Polymer,  in  press 
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In  recent  years,  ion  conducting  polymers  has  attracted 
interest  because  of  their  application  to  the  solid  polymer 
electrolytes  (SPE).  In  the  present  study,  we  propose  a  new 
dry  polymer  electrolyte  film  (PEG-borate  (M.W.1700)  + 
polymerizable  PEG(PEG-graft,-crosslinked  PMMA 
(PEG-PMMA)  +  lithium  salt  (LiC104  or  LiN(CF3S02)2 
(LiTFSI)).  PEG  derivatives  and  boric  acid  anhydride  were 
mixed  in  the  reaction  flask.  The  obtained  slurry  was 
heated  to  100°C  for  one  hour  under  vacuum  condition. 
After  increasing  the  temperature  up  to  130°C,  the  pressure 
in  the  flask  was  reduced  gradually  down  to  20mmHg.  A 
clear  and  yellowish  PEG-borate  fluid  was  obtained  after 
cooling  to  room  temperature.  The  polymer  electrolyte 
film  (500pm  thickness)  was  prepared  from  above 
mentioned  PEG-borate,  polymerizable  PEG  (methoxy 
PEG  methacrylates  or  PEG  dimethacrylates  supplied  by 
NOF  Co.Ltd.)  and  anhydrous  lithium  salt.  Stoichiometric 
amount  of  LiC104  or  LiTFSI  was  dissolved  in  the  mixture 
of  the  PEG-borate  and  the  polymerizable  PEG.  Formed 
viscous  solution  was  poured  into  small  die  made  of  Teflon 
and  kept  110°C  over  6h  in  vacuum  to  evaporate  any  liquid 
present  in  it. 

Composition  and  structure  of  our  polymer  elecrolyte  is 
shown  in  Fig.l.  PEG-borate  and  PEG-PMMA  are  well 
mixed  in  the  polymer  electrolyte  film.  Both  PEG-borate 
and  PEG-PMMA  have  a  high  solubility  each  other 
because  of  their  common  component  PEG  chain.  Thus, 
our  polymer  electrolytes  have  good  mechanical  stability 
without  any  syneresis. 

Temperature  dependence  of  ionic  conductivity  for  PEG- 
borate/PEG-PMMA  is  shown  in  Fig.2.  The  use  of  PEG- 
borate  induces  about  half  or  one  order  higher  conductivity 
than  no  use  of  it  at  room  temperature.  The  electrical 
conductivity  of  the  dry  film  which  contents  methoxy- 
PEG(550)-borate  /  PEG(600)  dimethacrylate  /  methoxy- 
PEG(4000)  methacrylate  =  70/15/15  (wt)  so  formed  was 
found  to  be  -lO^S-cm'1  at  room  temperature. 

The  Li+  transference  number(tLi+)  was  obtained  from 
combined  method  of  four  probe  polarization  and  AC 
impedance  measurement.  The  tu+  of  described  above 
electrolyte  film  was  0.38  at  room  temperature. 

The  lithium  cell,  Li  I  polymer  electrolyte  I  LiMyMn2_y  04 
was  constructed,  and  the  charge-discharge  cycling 
property  was  carried  out  galvanostatically  at  a  current 
density  of  0.015mA-cm'2  (0.2C)  and  50°C.  The  CV 
measurement  shows  the  film  was  stable  up  to  4.50V  at 
room  temperature.  The  charge  and  discharge  voltage 
limits  were  set  at  4.45V  and  3.5V,  respectively.  At  the 
first  discharge,  energy  capacity  of  80 Ah- kg'1  was  obtained 
and  at  40th  cycle,  it  showed  bOAh-kg'1  accompanying 
slight  retention  at  room  temperature.  And  at  50°C,  energy 
capacity  of  107Ah-kg'1  and  87Ah-kg'1  at  the  first  and  the 
40th  cycle  discharge  respectively. 

The  EDX  spectra  were  measured  on  the  surface  of 
lithium  metal  anode,  on  the  surface  of  spinel  cathode  and 
regions  of  electrolytes  near  to  the  electrodes.  These 


results  indicate  that  the  dissolution  of  manganese  from  the 
cathode  has  completely  been  supressed  by  the  use  of 
polymer  electrolyte  film.  However,  further  emphasis  can 
be  made  in  the  direction  of  film  thickness  reduction  in 
order  to  minimize  the  internal  resistance  of  the  cell  which 
will  ultimately  lead  to  high  power  and  better  cycle  life. 


fig.l  Composition  and  Structure  of  PEG-borate/PEG-PMM A  Electrolyte. 
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Fig.2  Temperature  dependence  of  ionic  conductivity  for  PEG- 
borate/PEG-PMMA  and  PEG-PMMA  electrolyte  film. 


Cycle  Number 

Fig.3  Cycle  Performance  of  Polymer  Test  Cell  at  50°C. 
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Abstract 

Polymer  electrolyte  films  were  cast 
from  plasticized  poly(vinyl  chloride) 
(PVC)  complexed  with  lithium 
perchlorate.  The  plasticizer  employed 
was  dibutyl  phthalate  (DBP)  or  diethyl 
phthalate  (DEP).  The  films  were 
subjected  to  impedance  measurements  at 
25,  40,  50  and  60°  C.  The  variation  in 
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ionic  conductivity  has  been  studied  as  a 


function  of  salt  concentration  at  these 


temperatures.  Using  the  impedance  data, 
the  diffusion  co-efficient  of  lithium  was 
calculated  for  different  lithium  salt 


concentrations.  Diffusion  co-efficient  as 
calculated  from  pseudo  capacitance  due 
to  non-faradaic  contribution  and  those 


estimated  by  employing  double  layer 
capacitance  have  been  compared. 
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A  new  class  of  composite  polymer  electrolytes  was 
obtained  (1).  The  electrolytes  consist  of  complexes  of 
polyethylene  oxide)  with  inorganic  lithium  salt  and 
diethylaluminum  carboxylates,  which  contain  in  their 
structure  oxyethene  units: 


(JHzCHz^CHCHiCiUOV 

\  /O-c*  o 

?/ 

CH2CH2<jjO(CH2CH20)n - 


n  =  2,  3,7 


Addition  of  diethylaluminum  carboxylate  causes 
increase  of  electrical  conductivity  and  mechanical 
stability  and  decrease  of  crystallinity  of  PEO.  The  optimal 
electrical  and  mechanical  properties  were  obtained  for  the 
composities  containing  30-40  wt%  of  diethylaluminum 
carboxylate  with  n=7  oxyethene  monomeric  units. 

It  seems  that  diethylaluminum  carboxylate  affects  the 
local  structure  of  polymer  as  well  as  dynamic  properties 
of  polymer  chains.  Coupling  between  movement  of  the 
polymer  chains  and  ionic  transport  can  be  investigated  by 
measurement  of  the  ionic  conductivity  and  dielectric 
relaxation.  In  this  work  such  a  coupling  was  studied  for 
the  system  containing  PEO  and  diethylaluminum 
carboxylate  (33  wt.%)  with  different  lithium  salts: 
UCIO4,  LiCF3S03  or  LiN(CF3S02)2  (10%  molar).  For 
comparison,  gel  electrolytes  based  on  PEO  with 
plasticiser  PC/EC  were  also  investigated. 

Complex  impedance  measurements  of  polymer 
electrolytes  with  stainless  steel  electrodes  were  performed 
using  a  computer  controlled  set-up  based  on  Solartron 
1260  Impedance  Analyzer  and  Keithley  428  Current 
Amplifier.  Impedance  spectra  were  measured  in  the 
frequency  range  from  0.01  Hz  to  10  MHz  in  heating  - 
cooling  cycles  at  temperatures  between  -30°C  and  100°C. 
The  impedance  spectra  were  analyzed  by  non-linear  least- 
squares  fitting  of  the  equivalent  circuit  shown  in  Fig.  1. 
The  dielectric  relaxation  was  clearly  seen  at  low 
temperature.  As  an  example  data  for  the  system 
containing  diethylaluminum  carboxylate  and  LiCF3S03 
are  presented  in  Fig.2. 

The  conductivity  and  the  relaxation  frequency 
data  for  the  systems  containing  diethylaluminum 
carboxylate  and  different  lithium  salts  are  presented  in 
Fig. 3.  It  was  found  that  relaxation  frequency  obtained  for 
composite  electrolytes  containig  LiN(CF3S02)2  or 
LiCF3S03  follow  the  Vogel-Tamman-Fulcher  (VTF) 
function  similary  as  conductivity.  This  indicates  that  they 
are  related  to  the  same  segmental  movements  of 
polymeric  chain. 
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Fig.l.  Equivalent  circuit  for  polymer  electrolyte  with 
stainless  steel  electrodes. 


Fig.2.  Logarithmic  spectral  plots  of  imaginary  and  real 
parts  of  complex  capacitance  of  the  polymer  electrolyte 
with  LiCF3S03  at  -32°C  (□),  -25°C  (•),  -18°C  (+). 
Presented  curves  are  the  results  of  simulation  for  the  part 
Ph,  P0  and  C0  of  equivalent  circuit  with  parameters 
obtained  by  fitting  to  the  experimental  spectrum. 


Fig.3.  Temperature  dependence  of  conductivity  (•  )  and 
frequency  of  dielectric  relaxation  (+)  for  composite 
polymer  electrolytes  with:  (a)  LiN(CF3S02)2 ,  (b) 
LiCF3S03,  (c)  LiC104.  Continuous  line  -  VTF  function. 
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Polymer  gel  electrolytes,  combining  high 
ionic  conductivity  with  good  mechanical 
properties  are  proving  to  be  very  useful 
materials  as  electrolytes  in  rechargeable 
lithium  batteries. 

Ionic  conductivity  and  ionic  mobility 
behaviour  of  polymer  gel  electrolytes 
based  on  polyvinylidene  fluoride  (PVDF) 
with  N,N,-dimethylformamide  (DMF)  or 
tetraglyme  with  lithium  triflate 
(LiCF3S03)  and  their  liquid  electrolyte 
counterparts  have  been  compared  using 
pulsed  field  gradient  NMR  spin-echo 
technique  to  determine  anion  and  cation 
diffusion  coefficients.  Measured  ionic 
conductivities  are  compared  with  those 
calculated  using  the  Nemst-Einstein 
equation  with  the  NMR  diffusivities  for 
each  of  the  systems  over  a  range  of  salt 
concentrations  and  temperatures. 

The  results  indicate  that  the  polymer  gel 
electrolytes  are  predominantly  two  phase 
systems  comprising  a  liquid  electrolyte 
providing  the  bulk  of  the  ionic  conduction 
and  a  polymer  rich  gel  phase  providing  the 
mechanical  matrix.  There  is  also  an 
important  polymer-solvent-salt  interaction 
involving  both  phases  which  also  affects 
the  ionic  conductivity  behaviour. 
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ABSTRACT 

Since  1980s,  lithium/lithium  ion  batteries  have 
emerged  as  one  of  the  most  important  power  sources  for 
portable  electronics  due  to  their  high  energy  density.  In 
order  to  reduce  weight  for  portable  electronics,  the 
demand  for  lighter  and  thinner  batteries  is  increasing.  To 
reduce  the  battery  size  to  micrometer  range,  using 
inorganic  solid  electrolyte  is  inevitable.  In  search  for  Li 
ion  conducting  solid  electrolyte,  cation-deficient 
pervoskite  with  the  addition  of  lithium  ions  has  received 
considerable  attention  due  to  its  high  ionic  conductivity. 
However,  the  stability,  crystal  structure  and  conductivity 
in  Li-containing  Pervoskite  systems  have  not  been 
thoroughly  studied.  Thus,  the  objective  of  this  work  was 
to  study  the  effect  of  lithium  ion  addition  on  the  crystal 
structure  and  conductivity  of  Li-containing  pervoskite. 

In  this  work,  two  Li-containing  pervoskites  LaM. 
xLi3xTi03  and  Lal/3.xLi3xTa03  were  prepared  using 
La203,  Li2C03,  Ti02  and  Ta205  as  the  starting  materials. 
The  concentration  of  lithium  ions  was  varied  from  0%  to 
50%  of  A-sites  accordingly.  The  samples  were  sintered  at 
1300°C  for  8h.  Subsequently,  the  sintered  samples  were 
examined  by  XRD,  SEM,  and  ICP. 

The  results  show  that  both  La2^Ti03  and 
Lai/3Ta03  tend  to  form  a  pervoskite,  AB03  structure  with 
La  ions  located  at  A  sites,  respectively.  However,  La  ion 
is  trivalent  and  Ti  ion  is  tetravalent.  For  lanthanum 
titanate  to  form  a  pervoskite  structure,  the  corresponding 
composition  can  be  written  as  LaMTi03.  In  comparison 
with  AB03,  there  should  be  33%  of  cation  vacancies  (in  A 
sites)  present  in  La2/3Ti03.  On  the  other  hand,  La  ion  is 
trivalent  and  Ta  ion  is  pentavalent.  For  lanthanum 
tantanate  to  form  a  pervoskite  structure,  the  formula  can 
be  written  as  LaJ/3Ta03,  In  comparison  with  AB03,  there 
should  be  66%  of  cation  vacancies  (in  A  sites)  present  in 
La1/3Ta03.  Such  a  high  concentration  of  defects  makes 
these  structure  unstable.  Therefore,  La2^Ti03  cannot  form 
a  pervoskite  when  sintered  in  air  as  shown  in  Fig.  #1. 
Similar  behavior  was  also  found  in  La^TaC^. 

The  addition  of  Li  ions  into  the  A-site  deficient 
pervoskite  can  be  rationalized  using  the  following  defect 
reaction:  Li20  +VA"— »2LiA  *  +00x 

In  this  equation,  VA"  represents  the  available  A-site  cation 
vacancy.  This  reaction  indicates  that  the  addition  of  one 
Li20  is  able  to  eliminate  one  cation  vacancy.  Therefore, 
with  the  addition  of  lithium  ions,  the  structure  of 
pervoskite  is  expected  to  be  more  stable.  When  10%  of  Li 
was  added,  distorted  pervoskite  structure  was  observed. 
As  the  concentration  of  Li  increased  to  0.5,  the  pervoskite 
gradually  shifted  to  cubic  structure  as  shown  in  Fig.  #2. 

As  described  previously,  the  addition  of  Li  ions 
tends  to  lower  the  concentrion  of  cation  vacancies.  For 
ionic  conductors,  the  conductivity,  a,  can  be  expressed  as 
the  product  of  ion  mobility,  jll,  carrier  concentration,  n, 
and  ion  charge,  Ze,  i.e.  cr=  Zenp. 

However,  the  ion  mobility  is  proportional  to  the 
concentration  of  defects  (vacancies).  In  this  work,  the 


lithium  ion  conductivity  of  pervoskite  should  be 
proportional  to  the  product  of  carrier  concentration,  i.e. 
[Li]  and  the  concentration  of  cation  defects  [VA”].  When 
[Li]  =0.5,  most  of  vacancies  were  filled  with  lithium  ions 
so  that  [Vam]  became  very  small.  The  conductivity  of 
Lao  5Lio5Ti03  or  Lai/6Lio.5Ta03  is  expected  to  be  small. 
When  [Li]=0.1,  on  the  other  hand,  the  carrier 
concentration  is  so  low  that  the  conductivity  of 
Lao.63Lio.iTi03  of  Lao.23Li0.iTa03  would  be  low  as  well.  In 
Figure  #3,  it  was  found  that  the  maximum  conductivity 
(>10'5  S/cm)  appeared  at  [Li]=0.3  in  LaM.xLi3XTi03. 
Both  Lal0.5Lio.5Ti03  and  Lao.63Li0.iTi03  exhibited  low 
conductivity  (~10'7  S/cm).  These  results  are  in  good 
agreement  as  what  was  described  above.  Based  on  the 
results  obtained,  the  crystal  structure  and  conductivity  of 
cation-deficient  pervoskite  were  strongly  affected  by  the 
addition  of  Li  ions  mainly  due  to  elimination  of  cation 
defects. 

Acknowledgment:  This  work  is  supported  by  NHRI, 
Taiwan  under  the  contract  #  NHRI-GT -EX8  9E924L. 
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Figure  #1.  XRD  trace  of  La2/3.xLi3XTi03,  (3X=0, 
0.01,  0.05,  and  0.1). 
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Figure  #2.  XRD  trace  of  Law.xLi3xTi03,  (3X=0.1, 
0.2,  0.3, 0.4,  and  0.5). 


Figure  #3.  Electrical  conductivity  of  La2^.xLi3xTi03, 
(3X=0.1, 0.2,  0.3,  0.4,  and  0.5). 
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Self-Tracking,  Solvent-free  Low-Dimensional  Polymer 
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Solvent-free  polymer  electrolyte  blends  comprising 
LiC104  complexes  of  poly[2,5,8,l  1,14- 
pentaoxapentadecamethylene(5-alkyloxy- 1 ,3-pheny!ene)] 


(I)  of  molar  mass  10s  and  random  copolymers  of 
poly(oxybutylene)  (II)  (3  x  104)  have  been  prepared. 

-[-(CH2)4  -  O  ]  x  -  A  x  -  30  (II) 

The  n-alkyl  side  chains  R  in  I  are  either  -Ci6H33  or 
a  random  equimolar  copolymer  mixture  with  -C12H25.  In  (II) 
the  units  A  are  -CH2-  or  -CH2C(=CH2)CH2-. 

In  cells  with  Li  electrodes  (Lil  I  /  II  -  LiC104ILi) 
DC  polarised  with  10  mV  at  20°  -  30°C  (Fig.  1)  the  current 
increases  stepwise  over  ca.  24  hrs  corresponding  to  Li* 
conductivity  increases  from  ca  10  6  S  cm'1  to  3  xlO4  and  4 
xlO'3S  cm'1  at  20°C  and  30°C  respectively. 

These  changes  are  reflected  in  AC  impedance 
measurements  with  indium-tin  oxide  glass  electrodes 
showing  transitions  from  ca  10'6  S  cm’1  to  6  xlO-4  S  cm'1 
at  ambient  after  cooling  from  ca  100°C  (Fig.  2). 


Fig.2  Conductivity  by  AC  impedance  (ITO  electrodes) 

R=-Ci6H33,  A=-CH2-,  LiC104  ( - •)  and 

R=-C16H33/Ci2H25  A=-CH2-,  LiC104  ( - A).  Arrows 

indicate  the  direction  of  heating. 
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Fig.3  Schematic  diagram  of  polymer  electrolyte  blend 


Structural  analysis  indicates  that  in  I  side  groups  R 
condense  together  in  crystal  or  liquid  crystal  phases  to 
create  an  ionophobic  layer  causing  the  polyether  segments 
to  generate  a  helical  substructure  fl].  Alkali  metal  cations 
occupy  the  helical  tubes  whilst  the  anions  occupy  spaces 
between  the  helices  with  lamellar  long  spacing  40  -  45A. 
Strands  of  polymer  II  traverse  the  lamellae  of  I.  (Fig.3). 
Shearing  of  II  should  promote  rotation  and  development  of 
the  conducting  planes  of  I  in  the  direction  normal  to  the 
electrode  substrate. 

‘Tracking’  occurs  within  the  side-chain  melting 
endotherm  20°  -  35°C  and  perhaps  involves  both  crystal 
melting-reorientation  and  ion  tunnelling  through  II  to 
maintain  impedance  matching  with  the  channels  of  I. 


1.  P.V.  Wright,  Y.  Zheng,  D.  Bhatt,  T.  Richardson  and  G. 

Ungar,  Polymer  International,  1998,  47,  34. 

Fig.  1  DC  polarisation  with  lithium  electrodes.  R=-Ci6H33, 
LiCI04,  (a)  30°C,  (b)  20°C. 
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IN  NANOCOMPOSITE  POLYMER  AND 
GEL  ELECTROLYTESTRUCTURE 
AND  ION  TRANSPORT  MECHANISM: 
AN  NMR  STUDY 


S-G.  Greenbaum*.  S.H.  Chung*, 
Y.  Wang*,  X.  Guo,* 

L.  Persi#,  F.  Croce#,  and  B.  Scrosati* 


*Physics  Department 

Hunter  College  of  the  City  University  of  New 
York 

695  Park  Avenue,  New  York,  NY  10021  USA 

#Dipartimento  di  Chimica 
Universita  di  Roma,  La  Sapienza 
P.le  A.  Moro,  5,  00185  Roma,  ITALY 


The  addition  of  nanoscale  inorganic  powders  (e.g. 
A1203,  Si02)  to  polymer  and  gel  electrolytes  for  Li 
battery  development  has  been  shown  to  improve 
mechanical  and  electrochemical  properties.  In  the 
case  of  gel  electrolytes,  the  inorganic  oxide 
component  plays  a  vital  role  in  providing  a 
mechanical  framework  that  allows  maximum 
uptake  and  stabilization  of  the  liquid  electrolyte 
component.  In  the  case  of  solvent-free,  PEO-based 
polymer  electrolytes,  the  finely  divided  inorganic 
component  tends  to  inhibit  the  formation  of 
crystalline  phases,  thus  leading  to  a  more  highly 
conductive  material.  There  is  also  recent  evidence 
that  interactions  between  the  metal  oxide  surface 
and  the  polymer  and/or  salt  may  affect  the  ion 
transport  mechanism.[l]  This  presentation 
summarizes  recent  activity  on  PE0:LiC104 
composites  containing  nanoscale  A1203  or  Ti02. 
Lithium-7  was  utilized  to  investigate  the  local 
environment  about  the  mobile  ions  with  particular 
emphasis  on  the  effect  of  the  added  metal  oxide 
component.  The  extent  of  surface  interactions 
between  metal  oxide  and  polymer  was  studied  by 
27 A1  NMR.  Finally  lithium  self  diffusion 
coefficients  in  the  nanocomposite  materials  were 
determined  by  pulsed  field  gradient  NMR  and 
correlated  with  electrical  conductivity  data. 

[1]  F.  Croce,  GJB.  Appetecchi,  L.  Persi,  and  B. 
Scrosati,  Nature ,  124  456  (1998). 
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Abstract 

Polymer  electrolytes  for  secondary  lithium 
batteries  are  thoroughly  studied  in  order  to 
achieve  better  performance  in  terms  of  high 
ionic  conductivity  at  room  temperature  and 
stability  against  lithium  electrodes.  Generally 
based  on  polyethylene  oxide)  (PEO)  these 
electrolytes  can  be  embedded  in  a  gel  or 
mixed  with  different  additives,  to  avoid  the 
polymer  crystallisation  and  consequent 
decrease  in  conductivity.  The  addition  of 
finely  dispersed  non-miscible  particles  in  a 
polymer  electrolyte  generally  enhances  the 
ion  conductivity.  There  are  this  far  no  other 
examples  of  mixing  this  electrolytes  with  non 
miscible  liquids  except  the  system  presented 
here.  The  system  polyethylene  oxide)  / 
lithium  salts,  with  the  addition  of 
poly(perfluoroether)  is  a  bi-phase  stable 
emulsion.  The  micro-droplets  present  in  the 
emulsion  prevent  or  retard  the  crystallisation 
of  the  electrolyte  when  it  is  cooled  from  the 
melting  temperature  to  ambient  temperature. 
The  ion  conductivity  below  the  melting  point 
temperature  maintain  stable  values  as  long  as 
the  re-crystallisation  is  prevented. 

In  this  work  we  compared  the  properties  of 
electrolytes  containing  lithium  triflate  (Li 
CF3SO3)  and  lithium  bis- 

(trifluorometahnesulfonyl)  imide 

(LiN(CF3SC>2)2)  with  a  concentration  range 
8<  0:Li  <250  (where  O  is  the  number  of  ether 
oxygen  atoms)  with  more  data  around  the 
eutectic  point.  Differential  scanning 
calorimetry  (DSC)  and  ionic  conductivity 
measurements  were  performed  on  samples 
with  different  thermal  history  and  the  results 
show  that  the  kinetics  of  re-crystallisation  are 
strongly  different.  The  use  of  a  large  anion 
like  the  imide  beside  drastically  lowering  the 
melting  temperature  of  the  complexes,  serves 
to  maintain  a  high  mobility  in  the  polymer 
segmental  motion 


Notwithstanding  the  slowness  of  the  process 
of  re-crystallization,  quenching  samples  that 
have  previously  been  stored  at  room 
temperature  for  a  long  time  to  the  initial 
temperature  of  the  DSC  experiment,  we  could 
obtain  reproducible  and  accurate  data  and 
correlate  them  to  the  conductivity.  Finally  the 
changes  in  the  phase  diagram  of  these 
electrolytic  systems  due  to  the  presence  of  the 
plasticiser  suggest  that  the  positive  surface 
interaction  of  the  electrolyte  and  the  additive 
are  modifying  the  material  towards  a  less 
ordered  system.  In  conclusion  we  suggest  that 
the  large  area  of  contact  between  the  additive 
and  the  electrolyte  make  the  superficial 
conductivity  and  superficial  characteristics  of 
the  electrolyte  prevail  on  the  bulk  ones. 
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Lithium  ion  polymer  battery  has  excellent 
theoretical  energy  density  and  energy  conversion 
efficiency.  Lithium  ion  polymer  battery(LIPB), 
included  solid  polymer  electrolyte  (SPE),  can  be 
viewed  as  a  system  suitable  for  wide  applications 
from  thin  film  batteries  for  microelectronics  to 
elective  vehicle  batteries.  Polymer  electrolytes 
were  discovered  by  B.  E.  Fenton  et  al.  in  1973.  P. 
V.  Wright  et  al.[l,2]  then  showed  that  complexes 
formed  with  PEO  and  alkali  metal  salts  exhibit 
high  ionic  conductivity.  Subsequently  these 
complexes  were  proposed  by  M.B.  Armand  et 
al.[3]  as  polymer  electrolyte  for  solid  state  battery 
and  electrochemical  device  applications. 
Generally,  the  SPE  was  only  a  low  rate  of  self¬ 
discharge,  good  adhesion  between  the  electrodes, 
and  could  be  formed  as  a  large-scale  thin  film. 
Especially,  it  is  expected  that  application  of  the 
polymer  problems  concerned  with  safety.  The 
importance  of  designing  suitable  polymer 
electrolyte  for  lithium  polymer  battery  has  been 
well  demonstrated  in  the  recent  years. 

The  purpose  of  this  study  is  to  research  and 
develop  SPE  for  LIPB.  This  paper  describes 
temperature  dependence  of  conductivity, 
impedance  spectroscopy,  electrochemical 
properties  of  PVDF/PAN  electrolytes  as  a  function 
of  a  mixed  ratio.  PVDF/PAN  based  polymer 
electrolyte  films  were  prepared  by  thermal 
gellification  method  of  preweighted  PVDF/PAN, 
plasticizer  and  Li  salt.  Steady  state  current  method 
and  ac  impedance  used  for  the  determination  of 
transference  number  in  PVDF/PAN  electrolyte 
film.  The  conductivity  of  PVDF/PAN  electrolytes 
was  10'3S/cm.  20PVDF5PANLiClO4PCi0ECi0 
electorlyte  shows  the  better  conductivity  of  the 
others.  20PVDF5PANLiC104PCioECio  electrolyte 
remains  stable  up  to  5V  vs.  Li/Li+.  Steady  state 
current  method  and  ac  impedance  used  for  the 
determination  of  transference  numbers  in 
PVDF/PAN  electrolyte  film.  The  transference 
number  of  20PVDF5PANLiC104  PCi0ECi0  is  0.48. 
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Poly(vinylidene  fluoride)  (PVdF) 
hexafluoropropylene  (HFP)  copolymers  have 
been  widely  studied  for  applications  in 
rechargeable  lithium  batteries  (1).  Polymer 
electrolytes  with  room  temperature  conductivity 
of  the  order  of  1  mS/cm  have  been  obtained  both 
by  the  standard  casting  procedure  (2,  3),  and  by 
the  absorption/extraction  method  (4).  PVdF 
membranes  with  controlled  porosity,  in  contrast, 
may  be  obtained  by  phase  inversion  methods  (5). 
These  last  membranes  seem  to  be  good  candidates 
as  separators  in  polymer  lithium  batteries  (6). 

In  order  to  obtain  the  best  compromise 
among  conductivity  and  thermal  stability  it  is 
mandatory  to  characterize  the  pore  structure  and 
the  interactions  between  the  host  polymer  and  the 
electrolyte  solution,  which  are  translated  at  a 
macroscopic  level  by  thermodynamic  observables 
like  surface  tension  and  solution  viscosity. 

In  this  paper  we  perform  a  structural, 
thermodynamic  and  electric  cheracterization  of 
PVdF  porous  membranes  activated  by  a 
EC/DEC/LiPF6  1  M  electrolyte  solution.  Starting 
from  simple  bulk  measurements  like  apparent 
density  and  uptake  rate,  we  are  able  to  separate 
the  contributions  of  pores  and  polymer  swelling. 
These  data  are  correlated  with  the  pore  structure 
and  with  the  conductivity  measurements. 

We  show  that  a  proper  tailoring  of  the 
porous  structure  of  PVdF  allows  to  easily  obtain 
conductivity  higher  than  1  mS/cm  at  room 
temperature.  The  electrolyte  solution  goes  chiefly 
to  occupy  the  porous  structure.  However,  a  not 
negligible  part  gives  origin  to  a  swollen  phase. 
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In  the  past  decade  various  electrolyte  polymers 
have  been  prepared  and  studied  in  many  laboratories1,21. 
Numerous  studies  have  been  carried  out  to  understand  the 
complicated  nature  of  ionic  conductivity  and  the 
complexation  processes  of  cations  and  anions  in  the 
polymer  host0.  Commonly  these  studies  were  carried  out 
on  systems  obtained  by  doping  an  etheric  oligomer  or 
polymer  with  an  inorganic  salt.  Several  investigators 
suggested  that  segmental  motions  of  polymer  host  appear 
to  be  largely  responsible  for  the  ionic  transport 
mechanism  in  the  polymer  electrolytic  complexes. 
Furthermore,  it  was  also  proposed  that  ionic  conductivity 
occurs  through  a  charge  hopping  mechanism  between 
adjacent  sites  having  equivalent  coordination 
symmetries31. 

This  hopping  process  happens  in  two  ways:  the 
first  type  of  hopping  events  involves  hopping  between 
sites  of  the  same  polymer  chain,  i.e.  interchain  hopping 
{intra-CH),  and  the  second  type  occurs  between  different 
chains,  i.e.  interchain  hopping  ( inter-CH ). 

Recently,  by  reacting  directly  a  new  anhydrous 
LiCl  salt  with  poly(ethylene  glycol)  with  a  molecular 
weight  of  400  (PEG  400),  we  were  able  to  prepare  and  to 
characterize  structurally  by  FT-IR  very  pure  solvent  free 
polymer  electrolytes. 

Results  revealed  that  in  these  systems31: 

a)  the  PEG  chains  assume  a  TGT  type  conformation; 

b)  Li+  are  coordinated  by  ethereal  oxygens  of  the  PEG 
ligand: 

c)  At  a  Li/O  molar  ratio  less  than  0.036,  Cl  ions  form 
hydrogen  bonding  cages  with  the  terminal  OH  groups 
of  PEG  chains; 

d)  At  a  Li/O  molar  ratio  greater  than  0.036,  Cf  ions  are 
present  both  in  hydrogen  bonds  and  as  “free  anions” 
along  PEG  chains. 

The  aim  of  this  paper  was  to  study  the  mechanism  of 
the  ionic  motion  in  the  electrolytic  complexes 
PEG400/(LiCl)x  (0  <  x  <  1.40665). 

This  investigation  was  carried  out  obtaining 
accurate  measurements  of  the  complex  impedance  of  the 
samples  as  a  function  of  frequency  and  temperature 
(fig.  1).  Detailed  analysis  of  real  and  imaginary 
components  of  the  complex  conductivity, 
a*(  a>)  =  a'(  to)  +  j  a"(  co),  indicated  that  a  full 
characterization  of  the  AC  electrical  response  of  the 
PEG400/(LiCl)x  complexes  requires  both  equivalent 
circuit  analysis  and  correlated  ionic  motion  analysis41, 
which  is  based  on  the  jump  relaxation  model.  Both  these 
investigations  showed  that  the  conductivity  mechanism  in 
PEG400/(LiCl)x  involves  two  distinct  phenomena  that  are 
well  described  by  the  jump  relaxation  model.  The  first 
phenomenon  is  associated  with  ion  hopping  between  the 
sites  present  in  the  material  along  the  polyethereal  chain 
( intra-CH  hopping)  and  between  different  chains  ( inter- 
CH  hopping)  and  the  second  is  associated  with  the 
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imaginary  components  (p’7p”max)  versus  the  logarithms 
of  the  ratio  f/fmax-  W  is  the  frequency  of  the  peak 
maximum. 

structural  relaxation  of  the  host  coordination  site,  which 
occurs  after  the  ion  hopping  event.  This  last  phenomenon 
is  correlated  with  the  segmental  motion  of  polyethereal 
chains  and  contributes  to  the  “successful”  conductivity  of 
each  ion  that  hops  between  empty  sites. 

Finally,  it  is  to  be  highlighted  that  PEG  400/(LiCl)x 
polymer  electrolytes  present  conductivities  on  the  order  of 
MO"4  S  cm'1  at  25  °C,  thus  allowing  us  to  classify  these 
materials  as  good  liquid  polymer  electrolytes. 
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Fig.  1.  a)  Real  (p*)  component  of  complex  resistivity 
versus  natural  logarithms  of  frequency,  f(Hz),  for 
PEG400/(LiCl)i, 40665-  b)  dependence  of  normalized 
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The  batteries  for  EV  orHEV  have  been  researched  for 
the  long  time  and  from  the  safety  point  of  view  all  solid 
polymer  electrolyte  Li  batteries  seems  to  be  one  of  the 
candidates.  Though  the  main  component  of  dry  solid 
polymer  must  be  ethylene  oxide  (EO),  Tg  of  EO 
compound  will  be  -  60'C ,  much  lower  than  the  operation 
temperature  of  the  battery  (60  '"-'80  'C),  so  mechanical 
strength  of  the  EO  film  was  greatly  reduced  .  Thus  it  has 
been  needed  that  the  improvement  of  the  mechanical 
strength  is  put  into  practice  without  reduction  of  ionic 
conductivity.  The  authors  have  tried  to  resolve  above 
problem  with  the  introduction  of  mechanically  stable 
styrene  component  to  form  triblock-grafi  copolymer1'"31. 
The  block-graft  copolymers  (  Fig.  1  )  are  synthesized 
through  anionic  procedures,  thus  EO  and  styrene 
components  show  the  microphase-separated  structure 
spontaneously  and  the  mechanical  stability  and  high 
ionic  conductivity  were  realized  simultaneously  in  the 
gelled  block-graft  copolymer  system4*.  In  this  paper  we 
report  the  application  of  the  block-graft  copolymer  to  the 
all  solid  polymer  electrolyte  systems. 

All  solid  polymer  electrolytes  are  derived  from  the 
block-graft  polymer  and  lithium  bistrifluorom ethane 
sulfonyl  imide  in  a  proper  manner3*.  The  ionic 


conductivities  and  dynamic  moduli  data  are  shown  in 
Fig. 2  and  Fig.  3,  respectively.  It  is  obvious  that  the 
block-graft  copolymer  obtains  the  dimensional  stability 
under  10013  by  the  introduction  of  styrene  component. 
Furthermore  EO  elastic  component  compensates  the 
breakability  of  styrene  component  above  100*0  .  The 
ionic  conductivity  will  be  improved  by  addition  of  EO 
oligomers.  The  matter  of  safety  will  be  ensured  by  EB 
radiation  crosslinkng  of  the  oligomers. 

The  block-graft  copolymer  is  thought  to  be  suitable  for 

the  all  solid  polymer  electrolyte  materials. 
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Fig.  1  The  chemical  structure  of  the  block-graft  polymer 
(er.  1 500,  m250,  n  20) 


Fig.2  Ionic  conductivity  in  the  block-graft  copolymer 
doped  with  LiTFSI(EO:Li=20: 1) 


Fig.3  Storage  mouduli  for  the  block-graft 
copolymer  doped  with  LiTFSI(EO:Li=20:l) 
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Commercial  users  and  the  Military  will  expect  and 
demand  extended  operation  time,  reduced  system  weight 
and  increased  functionality  from  their  portable 
computing  systems.  These  will  only  be  achieved  through 
management  of  power  usage.  The  United  States  Army  is 
investing  in  a  revolutionary  approach  for  low-power 
system  design  that  will  have  implications  for  the  portable 
power  industry. 

As  the  United  States  Army  moves  to  digitize  the 
battlefield,  power,  especially  man-portable  power,  has 
become  a  critical  driver  in  the  design  of  new  systems. 
While  advances  in  battery  chemistries  continue  to 
provide  extended  life,  they  cannot  be  expected  to  keep 
pace  with  the  demands  of  modern  electronics  and  the 
increasing  capabilities  required  by  users. 

For  the  last  several  years,  the  driver  for  improved 
portable  power  sources  has  been  digital  electronics,  with 
the  microprocessor  at  its  core.  So,  much  of  the  focus  on 
power  management  has  been  seen  initially  in  the 
microprocessor-based  (computer)  industry  segment.  In 
the  past,  the  computer  industry  has  only  focused  on 
increased  performance  in  the  areas  of  chip  speed  and 
size,  while  much  of  the  power  management  effort  has 
been  the  domain  of  the  software  used  in  the  chips.  The 
Army’s  desire  is  to  expand  the  design  criteria  to  include 
power  as  a  major  design  driver  for  both  the  software  and 
the  hardware  upon  which  it  resides.  This  new  focus  is  on 
direct  and  cumulative  solutions  to  all  levels  of  the  system 
hierarchy. 

While  industry  has  and  will  continue  to  focus  on  the 
microprocessor  as  a  system  and  the  increased 
functionality  of  System  on  a  Chip  (SOC),  the  Army 
plans  to  focus  on  the  “high  level  system”  (which  includes 
all  elements  along  the  system  hierarchy  model).  The 
Army’s  current  investment  strategy  addresses  collective 
power  optimization  throughout  this  architecture  to 
provide  a  complete  and  thorough  power  reduction 
approach  for  the  future  digitized  battlefield. 

In  order  to  bring  the  power  consumption  of  these  future 
systems  within  reach  of  the  battery  source,  power 
management  (including  low  power  technologies)  has 
become  a  necessity.  Two  ways  to  achieve  low  power 
electronic  systems  are  in  the  “static”  design  process  and 
in  the  “dynamic”  operation  of  these  systems.  The 
dynamic  techniques  used  by  designers  at  the  system  level 
allow  a  system  or  a  device  within  a  system  to  be  placed 


in  which  computer  and  device  manufacturers  can 
implement  such  power  management  techniques  and 
maintain  compatibility.  ACPI  is  only  an  interface 
specification  and  will  not  specify  how  power  consumption 
will  be  managed.  Power  management  policies  and 
procedures  must  be  developed  and  tailored  to  specific 
system  requirements.  The  United  States  Army’s  goal  is  to 
apply  such  dynamic  power  management  to  the  future  Land 
Warrior  Systems,  as  well  as  other  Army  systems. 

Additionally,  the  Army  has  invested  in  technology 
development  that  will  enable  electronic  system  designers 
to  optimize  the  design  for  power  efficiency  at  various 
levels  of  the  systems  design  process.  This  holistic 
approach,  referred  to  as  the  “static  design  process”,  looks 
at  power  reduction  along  all  points  of  the  digital  design 
critical  pathway  in  a  cumulative  manner.  It  necessitates  a 
design  tool  that  will  automate  the  complete  architectural 
design  of  a  low-power  application-specific  system  or 
System-On-a-Chip  (SOC).  Such  a  tool  allows  the 
designers  to  explore  multiple  system  architectural  options 
and  choose  the  optimal  design  with  the  most  appropriate 
tradeoffs  (ex:  power  and  cost).  Until  now,  hardly  any 
designer  had  the  option  to  select  the  “best”  (cost, 

performance  and  power)  design _ because  designing 

multiple  system  architectures  for  a  given  system 
requirement  is  a  costly  and  time-consuming.  This  new 
automated  approach  will  revolutionize  the  time  required  by 
designers  to  implement  designs  with  power  as  an 
important  tradeoff  parameter.  The  Army  is  focused  on 
reducing  power  by  attacking  the  problem  from  both  the 
hardware  (mainly  design)  and  software  (which  provides 
the  robustness  to  manage  that  power). 

It  is  highly  likely  that  in  the  next  five  years,  such  design 
tools  for  high-level  system  design  will  mature,  and 
general-purpose  solutions  will  no  longer  be  force-fit  into 
an  ever-expanding  set  of  unique  market  segments. 
Researchers,  designers,  and  manufacturers  of  portable 
power  sources  will  most  likely  segment  into  two  areas. 
The  first  area  will  be  populated  with  those  who  continue  to 
view  the  power  source  separate  from  the  power-consuming 
device.  The  second  area  will  include  those  who 
understand  the  synergy  between  power  generation  and 
consumption.  They  will  join  with  their  consumption- 
device  design  partners  and  be  an  innovating  force.  They 
will  use  their  strategic  knowledge  gained  from  partnerships 
with  the  military  and  other  unique-requirements  market 
segments,  and  transition  that  knowledge  into  improved, 
general-purpose  power  sources.  The  key  to  being  in  the 
second  area  will  not  be  technological  expertise,  but  a 
willingness  to  embrace  the  change  and  participate. 
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Portable  electrical  power  is  an  essential  element  for 
marines  in  field  operations,  being  required  for  the 
operation  of  sensory  enhancement  equipment,  automatic 
weapons,  communications  systems,  etc.  The  lithium 
polymer  battery  (LPB)  is  an  attractive  option  for  the 
distributed  power  storage  needs  of  soldiers,  with  projected 
practical  energy  densities  of  >300  Wh/kg,  low  safety  risks 
and  great  flexibility  in  battery  configuration,  For 
underwater  missions,  the  LPB  has  the  added  advantages 
of  pressure  tolerance  and  near  neutral  buoyancy. 

However,  a  number  of  materials  and  processing 
challenges  must  still  be  overcome  to  achieve  these 
performance  advantages. 

All  solid  state,  thin-film  batteries  have  been 
designed,  constructed,  and  cycle  tested.  The  cathode 
consisted  of  a  dense  film  of  vanadium  oxide,  -0.2  pm 
thick,  deposited  on  aluminum  foil.  The  cathode  was 
prepared  by  laser  assisted  vapor  deposition  of  vanadium 
metal  in  an  oxygen  atmosphere  of  controlled  chemical 
potential.  The  cathode  was  additive-free  -  no  carbon,  no 


binder.  The  electrolyte  was  a  block  copolymer  of 
poly[o!igo(oxyethylene)  methacrylate]  -  b  -  poly(laurel 
methacrylate)  containing  LiCF3S03  [1].  Preparation  of  the 
polymer  is  described  in  an  accompanying  presentation  at 
this  meeting  [2].  The  anode  was  metallic  lithium. 

Test  cells  were  cycled  at  room  temperature  over 
the  voltage  range  from  1 .5  to  4.0  V.  Cathode  capacities  of 
-400  mAh/g  were  measured  at  a  discharge  rale  of  C/2 
(C  =  400  mA/g).  The  cathode  proved  to  be  resistant  to 
capacity  fade  as  evidenced  by  a  loss  of  1%  over  100 
cycles.  It  was  possible  to  draw  substantial  currents: 
routine  testing  was  conducted  at  C/2;  however,  discharge 
rates  as  high  as  1 .6  C  were  achieved.  Based  upon  these 
results,  cells  designed  with  these  materials  in  optimal 
dimensions  are  projected  to  have  energy  densities 
exceeding  -400  Wh/kg  and  power  densities  exceeding 
800  W/kg  at  C/2.  Figure  1  shows  cycle  testing  of  the 
Li/BCE/VO*  thin-film  battery  at  room  temperature  with  a 
C/2,  C,  and  1.6  C  rate. 

This  work  was  sponsored  by  the  Office  of  Naval 
Research,  the  MIT  Center  of  Materials  Science  and 
Engineering  with  funds  from  the  National  Science 
Foundation,  Intronics,  and  MIT  Lincoln  Laboratory 
Director’s  funds. 
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Figure  1.  Cycle  testing  of  the  thin-film  Li/BCE/VOx  battery  at  room 
temperature  at  various  C  rates. 
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INTRODUCTION 

A  rechargeable  lithium  battery  with  a  lithium 
metal  anode  has  great  advantages  in  high  energy  density. 
However,  the  insufficient  coulombic  efficiency  of  the 
lithium  anode  results  in  poor  cycle  characteristics.  This  is 
attributed  to  degradation  of  lithium  metal  caused  by 
reactions  between  the  lithium  anode  and  the  electrolyte  as 
well  as  the  formation  of  dendritic  lithium.  In  this  study, 
investigations  were  made  on  a  new  type  electrolyte 
involving  LiN(C2F5S02)2  (LiBETI)  and  cyclic  ether 
compounds  as  a  salt  and  solvents,  respectively  [1].  And 
lOWh-class  Li/LiMn204  battery  with  this  electolyte  was 
fabricated  and  examined. 

EXPERIMENTAL 

The  lithium  charge-discharge  efficiencies  [2]  and 
the  impeadance  spectrums  were  measured  by  using  coin 
cells  with  0.1mm  and  0.4mm  thickness  of  lithium  foil  as 
the  working  and  the  counter  electrode,  respectively. 
UN(C2F5S02)2  (LiBETI)  supplied  by  3M  company  was 
used  as  a  salt,  and  ethylene  carbonate  (EC)  and 
tetrahydropyran  (THP),  1,3-dioxane  (DOX)  were  used  as 
the  mixed  solvents. 

The  lOWh  class  lithium  metal  battery,  33.5mm 
in  diameter  and  63.7mm  in  hight,  was  fabricated  with 
LiMn204  and  Li  as  a  cathode  and  an  anode,  respectively. 
0.9M  LiBETI+O.lM  LiPFe/EC+THP+DOX  (40:30:30) 
was  used  as  the  electrolyte.  The  cycling  performance  was 
measured  at  DOD80%. 

RESULTS  AND  DISCUSSION 

Table  1  shows  the  results  of  measurements  of  the 
lithium  charge-discharge  efficiency.  The  lithium  charge- 
discharge  efficiendies  were  imploved  by  using  the 
electrolytes  with  LiBETI.  Among  the  examined 
electrolytes,  the  lithium  charge-discharge  efficiency  with 
the  solvent  composition  of  EC+THP+DOX  (40:30:30) 
achieved  99%.  Fig.l  shows  the  cole-cole  plots  of  Li  / 
electrolyte  /  Li  coin  cells  after  20  charge-discharge  cycles. 
The  semicircles  of  the  LiBETI  electrolyte  system  were 
smaller  than  that  of  the  LiPF6  electrolyte.  This  suggests 
that  the  lithium  charge-discharge  efficiency  of  the 
electrolyte  with  LiBETI  is  enhanced  by  the  suppression  of 
the  reaction  between  the  lithium  and  the  electolyte  [3]. 

Based  on  the  above  results,  lOWh  class 
Li/LiMn204  battery  was  fabricated  with  0.9M  LiBETI+ 
0.1M  LiPFs/EC+THP+DOX  (40:30:30).  Fig.2  shows  the 
photograph  of  lOWh  class  lithium  metal  battery.  The 
shape  of  the  battery  is  cyclindrical,  and  the  specific 
energy  and  capacity  were  120Wh/kg  and  242Wh/l, 
respectively.  Fig.3  shows  the  cycling  performance.  The 
cycle  life  achieved  over  350  cycles  at  DOD80%. 
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Table  1  Lithium  charge-discharge  efficiency  at 
0.2mA/cm2  in  charge  and  at  0.6mA/cm2  in  discharge. 


lithium 

salt 

solvent 

charge-discharge 

efficiency 

EC+THP(50:50) 

98.4% 

0.9MLiBETI 

EC+DOX(50:50) 

98.9% 

+0.1MUPF6 

EC+THP+DOX(40;30: 30) 

99.0% 

lMLiPF6 

EC+DOX(50:50) 

93.9% 
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Fig.  1  Cole-cole  plots  of  Li/electrolyte/Li  coin  cells 
after  20  charge-discharge  cycles  at  0.6mA/cm2. 


Fig.2  Photograph  of  lOWh  class 
Lithium  Metal  Battery. 

Size  :  33.5mm(D),  63.7mm(H) 
Rated  capacity  :  3.4Ah 
Specific  energy  :  120Wh/kg 
Specific  capacity  :242Wh/l 
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Fig.3  Cycling  perfofinanceof  %Wh  class 
Lithium  Metal  Battery  with  0.9M  LiBETI+O.lM 
LiPFs/EC+THP+DOX  (40:30:30)  at  DOD80%. 
Charge  :  1/14.5C  ;  Discharge  :  1/4C 
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Composite  electrodes  for  rechargeable  lithium 
batteries  have  been  fabricated  by  using  a  casting  method. 
For  example,  three  components,  such  as  active  material, 
conducting  material  (mostly  carbon  fine  powder),  and 
binding  material  (inactive  polymer)  were  mixed  in  a 
proper  solvent  (N-methyl-2-pyrrolidone)  to  prepare  a 
solution  for  a  casting  method.  This  solution  was  painted 
on  a  current  collector  (Cu  or  A1  foil).  After  drying, 
composite  electrodes  are  fabricated.  In  this  study,  we 
have  used  an  electrophoretic  deposition  (EPD)  process  to 
fabricate  such  composite  electrodes  for  rechargeable 
lithium  batteries.  The  EPD  process  has  been  applied  to  a 
forming  of  ceramics  powders.  Thin  films  of  BaTiOj, 
PbZr03,  and  Apatite  have  been  fabricated  by  the  EPD. 

In  the  EPD  process,  ceramic  powders  suspended  in  a 
proper  solution  moved  toward  negative  or  positive 
electrode  according  to  its  surface  charge  and  then 
deposited  on  the  electrode  with  a  pressure  generated  by  an 
electric  field  in  the  solution.  Finally,  a  hard  and  thick 
film  is  fabricated  on  the  electrode.  In  the  case  of  the 
fabrication  of  positive  or  negative  electrode  in 
rechargeable  lithium  batteries,  three  components  should 
be  deposited  on  the  current  collector  simultaneously  with 
a  proper  weight  ratio.  We  have  already  reported  the 
fabrication  of  LiCo02  and  LiMn204  electrodes.  In  this 
paper,  Li4Ti50i2  and  graphite  were  used  as  anode 
materials  of  rechargeable  lithium  batteries.  These 
electrodes  were  fabricated  by  the  EPD  process. 

The  EPD  was  conducted  by  using  a  standard 
electrochemical  cell  with  two  stainless  steal  electrode  as 
anode  and  cathode.  The  solution  for  the  EPD  process 
was  an  acetone  with  a  small  amount  of  I2.  The  active 
material,  conducting  material,  and  binding  material  were 
suspended  in  the  acetone  solution  with  a  optimized  weight 
ratio.  The  conducting  material  for  Li4Ti50i2  electrode 
was  graphite.  The  binding  material  for  both  graphite  and 
Li4Ti5Ol2  electrodes  was  PVdF. 

Figure  1  shows  a  schematic  illustration  of  the 
electrode  production  of  rechargeable  lithium  batteries  by 
using  the  EPD  process.  Both  cathode  and  anode  sheets 
can  be  produced  through  the  EPD  process.  This  is  very 
simple  and  fast,  compared  with  an  ordinary  one. 

Figure  2  shows  the  scanning  electron  micrograph  of 
the  graphite  and  Li4TisOi2  composite  electrodes.  The 
particles  of  active  material  and  conducting  material  were 
well  mixed  and  uniformly  distributed  in  the  electrodes. 
The  adhesion  of  composite  electrodes  to  the  Cu  substrate 
was  adequately  high  for  production  of  rechargeable 
lithium  batteries. 

Figure  3  shows  the  discharge  and  charge  curves  of 
the  graphite  electrode  fabricated  by  the  EPD  process.  The 
initial  discharge  capacity  of  the  electrode  was  350  mA  h 
g*1  and  the  charge  one  was  310  mA  h  g*1.  The  graphite 
electrode  prepared  by  a  standard  method  was  also  tested 
using  a  standard  nonaqueous  electrolyte  and  exhibited 
similar  discharge  and  charge  capacities.  Therefore,  the 
EPD  process  is  a  good  candidate  of  promising  graphite 
electrode  fabrication  processes.  Li4TisOi2  electrode 
prepared  by  the  EPD  process  also  exhibited  a  good 
performance. 


EtoctrocA*mc«l  C*ll  tor  th*  EPD  {Potitw#  •  loc trod*) 


Figure  1  Schematic  illustration  of  a  fabrication  process 
for  rechargeable  lithium  batteries  using  the  EPD  process. 


Figure  2  SEM  photographs  of  (a)  graphite  and  (b) 
Li4Ti50|2  electrodes  prepared  by  the  EPD  process. 
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Figure  3  Discharge  and  charge  curves  of  the  graphite 
electrode  fabricated  by  the  EPD  process. 
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For  many  years  there  has  been  a  significant 
demand  for  instrumentation  enabling  manufacturers  and 
suppliers  of  batteries  to  adequately  quantify  the 
performance  of  new  battery  materials  and  technologies. 
There  has  been  a  specific  interest  in  running  multi¬ 
channel  high  speed  pulse  and  impedance  tests  on 
batteries,  supercapacitors  and  fuel  cells 

The  1470  Multichannel  Battery  Test  System  is  a 
novel  battery  test  technology  that  is  targeted  at  research, 
development  and  quality  assurance  applications.  This 
instrumentation  includes  high-speed  data  acquisition 
components  and  the  ability  to  connect  to  frequency 
response  analyzers  for  impedance  tests  on  any  of  the  test 
channels,  through  a  built-in  multiplexer.  Impedance  (ac 
testing)  is  now  widely  recognized  as  giving  valuable 
information  regarding  the  prediction  of  the  cycle  life  of 
secondary  (rechargeable)  batteries  and  is  also  useful  for 
non-destructive  tests  on  primary  cells.  The  1470  system 
not  only  allows  the  impedance  of  the  whole  cell  to  be 
tested;  it  can  also  test  individual  battery  components 
including  electrodes,  separators  and  electrolytes  by  the 
use  of  auxiliary  voltage  inputs.  The  system  is  able  to 
integrate  impedance  testing  (upto  1MHz)  over  a  wide 
frequency  range  with  standard  charge/discharge  cycle 
testing.  Typical  applications  include:-  charge-discharge 
studies,  lifetime  performance,  electrode/separator 
reactions  and  GSM  battery  performance,  the  study  of 
individual  cell  reactions,  comparative  analysis  between 
new  battery  technologies  and  impedance  tests  determining 
mass/charge  transfer  effects. 

The  system  is  modular  in  design  (8  channels  per 
unit  and  up  to  12  units  per  system  giving  a  total  channel 
count  of  96).  In  practice  however,  any  number  of  PCs 
can  be  added  to  the  system  giving  a  limitless  number  of 
test  channels.  The  battery  test  units  are  designed  both  for 
bench  top  operation  and  also  to  fit  into  a  standard  19" 
rack. 

Constant  voltage,  current,  power  and  load  test 
strategies  are  available.  The  system  makes  use  of 
analogue  control  loops  for  smooth  control  of  applied 
signals  (these  are  a  similar  design  to  that  used  in 
Solartron’s  research  grade  potentiostats  e.g.1287).  The 
maximum  applied  levels  are  up  to  +10V,  -3V  and  at  least 
4 A  per  channel. 


The  system  is  designed  with  multiple  voltage 
and  current  ranges  allowing  resolution  of  very  low  level 
voltage  and  current  signals;  3  microvolts  /  1.5  nanoAmps 
(this  is  close  to  the  performance  of  a  single  channel 
research  grade  potentiostat).  The  data  acquisition  sample 
rate  is  high,  dual  16  bit  /  10kHz  analogue  to  digital 
converters  per  channel  for  simultaneous  voltage  and 
current  sampling.  The  data  is  collected  by  a  digital  signal 
processor  (one  per  battery  channel),  that  allows 
compression  of  data  and  testing  against  safety  or  step 
termination  limits. 

The  limiting  factor  of  the  system  is  designed  to 
be  in  the  communications  linking  back  to  the  PC  and  in 
the  speed  of  the  PC  itself,  not  in  the  battery  tester.  In  this 
way  as  PCs,  and  communications  standards  such  as 
Ethernet  continue  to  develop,  the  system  will 
automatically  make  use  of  the  greater  processing  power, 
which  is  becoming  available. 


Fig.  1  Schematic  of  1470  Battery  Tester  design 

The  schematic  (Fig.  1)  shows  a  FRA  added  into 
the  system  linked  to  the  battery  tester.  The  FRA  connects 
to  the  FRA  multiplexer  bus  via  a  connector  on  the  rear  of 
the  1470.  All  channels  within  a  1470  are  connected  to 
this  multiplexer  bus.  The  PC  software  selects  which 
channel  actually  forms  a  connection  with  the  FRA  via 
switches  in  the  block  named  “conditioning”  (see  Fig.  1). 
Only  one  channel  can  be  connected  to  a  particular  FRA  at 
any  time. 

If  only  one  FRA  is  available  for  the  whole 
system  (comprising  of  many  1470  battery  test  units),  it  is 
necessary  to  connect  all  of  the  1470  FRA  multiplexer 
connections  together  so  that  all  channels  in  the  system  can 
be  served  by  the  single  FRA.  If  more  FRAs  are  available, 
then  it  is  preferable  to  connect  one  FRA  to  each  separate 
1470  unit  (in  this  case  the  multiplexer  connections  from 
each  1470  are  not  connected  together).  In  this  way  each 
FRA  only  serves  the  eight  channels  inside  its  allocated 
battery  test  unit. 
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introduction 

As  well  known,  the  lithium-manganese-spinel  is 
one  of  the  most  attractive  cathode  material  of  Ll-ion 
Secondary  batteries  The  conventional  synthetic  method  or 
the  lithium-manganese-spinel  is  the  calcination  method  [1J 
However,  high  temperature  firing  is  required  in  this 
synthetic  process,  because  of  making  long-range  diffusion  of 
the  reactants  possible  Furthermore,  such  long-range 
diffusion  of  the  reactants  may  cause  non-homogeneity, 
abnormal  grain  growth  and  poor  control  of  composition.  It 
is  known  that  the  electrochemical  properties  of  the 
lithium- manganese- spinel  significantly  depend  on  its 
homogeneity,  gram  size  and  composition  [2] 

From  this  background,  our  group  adapted  tllC 
hvdrothcrmal  metlttd  to  synthesize  the  lithium- 
manganese  spinel  The  hydrothermal  method  enables  to 
synthesize  a  homogeneous  material  at  far  lower  temperature 

thnn  that  of  the  conventional  calcination  method.  Wo  Iravc 

already  succeeded  and  reported  to  synthesize  the  litliium- 
manga  nese-spinct  hydrotlrermally  througli  Y  -MnOOH  in 
the  LiOH  aqueous  solution  at  150"C  [3).  However  the 
characteristics  of  the  obtained  spinel  are  rather  complicated 
The  chemical  composition  and  grain  size,  thus 
electrochemical  properties,  strongly  depend  on  its  synthetic 
conditions,  e  g.,  the  starting  material,  the  concentration  of 
aqueous  solution,  the  reaction  time,  and  the  reaction 
temperature 

In  this  work,  we  aimed  to  determine  the 
conditions  for  the  lithium-manganese  spinel  in  the 
hydrothermal  synthesis  through  Y  -MnOOH.  Afterward,  the 
characteristics  of  the  obtained  spinel,  especially  the 
electrochemical  properties,  were  investigated  in  detail 

Experimental 

y  -MnOOH  wns  ohoson  ns  0  starting  material  of 
Mn  compound.  LiOH  and/or  LiCl  were  used  as  the  Li  ion 
supplioi.  WlwnLiCl  wps  chosen,  McOH  (Me=Na,  K,  Li) 
aqueous  solution  was  added  for  controlling  OH .  The 
concentration  of  MeOH  solution  was  between  0.050  and 
l.OOOmol //.  After  a  certain  amount  of  Y  -MnOOH  powder 
and  Li  ion  supplier  were  dispersed  In  the  McOH  solution, 
the  reaction  vessel  was  heated  at  the  desired  temperature  at 
130-1 70"C  for  48~l44h. 

XRD  nnd  SEM  were  used  fur  the  characterization 
of  the  obtained  precipitates.  The  molar  ratio  of  Li  to  Mu  was 
determined  using  ICP.  The  average  valence  of  Mil  ions  was 
determined  by  the  inverse  oxidation-reduction  titration 
using  ferrous  sulphate  as  a  reducing  agent  [4],  The 
electrochemical  properties  of  the  lithium-manganese  spinel 
were  investigated  with  coin  type  test  cells.  A  positive 
electrode  was  made  Of  fl  composite  of  the  lifhium- 
man^anese-spiiicl,  tlic  acetylene  black  and  PTFE.  A 
negative  electrode  was  an  Li  metal  foil.  An  electrolyte  was  a 
solution  of  I  mol//  LiCICL  in  1 :1  mol%EC  and  DEC  The 
cells  were  charged  /  discharged  at  tile  constant  current 


Result x  and  Discussions 

The  single  phase  of  lire  lithium-manganese 
spinel  was  obtained  using  the  hydrothermal  reaction 
through  Y  -MnOOH  both  in  the  LiOH  aqueous  solution  and 
in  the  LiCl  +  NaOH  aqueous  solution.  The  synthetic 
conditions  for  tire  single  pirns*  of  tire  lithium-manganese- 
spincl  were  0  05(V  0. 150mol//  LiOH  aqueous  solution  at 
1 30-170*0  and  O.lOOmol//  NaOH  aqueous  solution  at 
l50~]7O"C  The  spinels  obtained  in  the  LiOH  aqueous 
solution  had  a  rod-llke  shape  with  the  particle  size  of 
0  1x0  lxl pm,  while  the  spinels  obtained  in  the  J-iCl  + 
NaOH  aqueous  solution  had  an  octahedron  sltapc  with  tire 
particle  size  of  1pm. 

The  chemical  composition  and  tlic  theoretical 
capacity  of  the  hydrothennally  prepared  lithium- 
manganese  spinel  are  sumnwi/cd  in  Tabic  1.  The 
liihium-ninngancse-spinel  obtained  using  the  hydiotheminl 
method,  in  general,  liad  a  Li  rich  composition  h  was  also 
found  tliat  the  die  ini  cal  composition  of  tire  lithium- 
manganese-spinel  could  be  controlled  by  Us  syntlretre 
conditions  in  the  hydrothermal  method 

The  liiliium-mangancsc-spinel  obtained  using 
the  hydrothermal  method  showed  similar  charge/discharge 
properties  ■$  tire  lithium-manganese- spinel  obtained  using 
tliu  conventional  calcination  method.  These  results 
indicated  that  the  hydrotlreimal  method  is  useful  as  tire 
synthetic  method  of  the  lithium-manga  nese-spmd. 
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Tabic  1  Properties  of  the  lithium-mnnganese-spinds 
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The  miniaturization  of  electronic 
components  with  submicron-  sized  features 
and  integration  of  millions  of  transistors  on 
a  “chip”,  has  not  been  accompanied  by  a 
similar  commercialization  of  batteries.  The 
need  for  such  sources  is  evident  when 
taking  into  account  the  vast  possibilities 
introduced  by  both  microelectronics  and 
the  newer  MEMS  (micro-electro¬ 
mechanical  systems)  technologies  to 
develop  self- sustained  mini-  and  micro¬ 
systems  in  a  host  of  fields  (smart  cards 
with  anti  theft  chips,  sensors,  miniature  rf 
transmitters,  microrobots,  biochips, 
implantable  medical  and  other  MEMS 
devices).  Battery  capacity  is  directly 
proportional  to  the  area  and  thickness  of 
the  thin-film  (anode,  electrolyte  and 
cathode)  layers,  which  form  it.  Thin-film 
planar  lithium  secondary  battery  research 
began  about  one  decade  ago,  by  Bates  et  al. 
[lj.  An  innovative  way  to  increase  the 
capacity  is  to  utilize  the  volume  of  the 
substrate,  upon  which  the  layered  thin-film 
structure  is  deposited  and  thus  enable  the 
film  to  follow  the  contour  of  a  non-planar 
surface  [2].  This  can  be  achieved,  for 
example,  by  etching  the  silicon  to  form  an 
array  of  differently-shaped  holes.  The  3- 
dimensional  high-surface-area  and  high- 
volume  structure  thus  formed  will  result  in 
increased  battery  capacity  per  unit  volume. 
For  example,  for  a  hole  with  diameter  d  in 
a  wafer  of  thickness  h  (aspect  ratio  =  h/d), 
the  ratio  k  of  surface  area  after  etching  to 
the  original,  “planar”  state  is  2h/d.  For  a 
square  cavity  with  side  a  in  the  same 
wafer,  k=2h/a.  Thus,  for  a  typical  wafer 
with  h  =  400pm  and  d  or  a  =15pm,  the 
increase  in  area  is  k=53,  while  for 
d=10pm,  k=80.  This  would  result  in  a 
theoretical  increase  in  capacity  to  over 
1 ,000  pAh/cm2  (geometric  area). 

The  main  goal  of  this  work  was  to 
investigate  electrode  and  solid  electrolyte 
materials,  as  candidates  for  a  high-capacity 
3-dimensional  lithium-ion  thin-film 


microbattery  (3D-MB)  on  silicon.  The 
following  complementary  tasks  will  be 
addressed:  1)  identification  and  selection 
of  the  most  suitable  materials  for  electrode 
and  solid  electrolyte  layers  and  2) 
electrochemical  characterization  of  the 
battery  components. 

Metal  oxides  and  metal  sulfides  are 
considered  as  cathode-material  candidates 
for  3D-MB.  Several  solid  electrolytes  are 
being  considered.  The  ion-transport 
properties  of  ultra-thin  polyethylene  oxide- 
based  solid  polymer  electrolytes  (SPE)  and 
charge-discharge  characteristics  of  the  cells 
will  be  presented.  Microstructural  and 
chemical  data  tests  of  the  ultra-thin 
polymer  electrolyte  and  cathode  layers, 
performed  with  the  use  of  XRD,  SEM, 
AES/XPS,  TOF  SIMS  will  be  shown. 
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This  paper  will  analyze  and  assess  the  future  prospects 
for  lithium  batteries  in  electric  vehicle  (EV)  and  hybrid 
electric  vehicle  (HEV)  applications. 

The  two  major  developing  EV  applications  are 
pure  EVs  and  HEVs.  For  the  foreseeable  future,  HEVs 
appear  to  be  more  promising  than  pure  EVs.  Toyota 
already  has  over  10,000  of  its  PRIUS  HEVs  on  the 
road.  The  PRIUS  is  doing  well  partly  because  Toyota 
is  taking  a  loss  on  the  initial  production  in  the  hope  that 
volume  sales  will  create  economies  of  scale  that  can 
make  this  vehicle  profitable.  In  addition,  OEMs  appear 
to  be  more  comfortable  with  HEVs  because  they  retain 
the  internal  combustion  engine,  can  easily  supply  the 
acceleration  power  needed  in  passing  situations,  and 
can  be  used  by  consumers  as  a  primary  vehicle.  The 
battery  pack  in  the  typical  HEV  is  relatively  small 
because  the  electric  motor  is  used  primarily  for  power 
boost  during  acceleration  or  in  climbing  hills. 

The  current  battery  technologies  for  HEVs 
include  lead-acid,  nickel  cadmium  (NiCd),  and  nickel 
metal  hydride  (NiMH).  OEMs  are  investigating 
lithium  ion  (Li-ion)  and  lithium  metal  polymer  (Li-P) 
batteries  for  HEVs,  but  the  potential  savings  in  weight 
is  small  compared  with  the  alternatives  to  lead-acid 
batteries  in  a  pure  EV.  The  typical  battery  pack 
weights  and  potential  weight  savings  by  using  Li-ion  or 
Li-P  are  shown  below: 

Typical  battery  Potential  weight 
Segment  pack  weight,  lb  savings  from 

lithium  packs,  lb 

HEV  100-200  25-50 

Pure  EV  500  or  more  1 00  or  more 

In  addition  to  current  production  efforts,  it 
appears  that  many  automobile  companies  are  focusing 
their  longer-term  research  on  HEVs  and  other  low- 
emission  vehicles  to  a  larger  extent  than  on  pure  EVs. 
Key  technology  hurdles  include  increasing  the 
operating  range  and  increasing  the  power  capabilities 
in  order  to  deliver  needed  power  in  passing  situations. 
With  pure  EVs,  the  battery  life  is  an  ongoing  issue  and 
for  most  people,  the  battery  range  is  unacceptable. 
Although  research  has  shown  that  90%  of  travel  is 
under  1 00  miles,  there  is  a  lack  of  comfort  with  most 
drivers  knowing  they  only  have  50  -  75  miles  available 
to  them.  Another  issue  with  pure  EVs  is  the  need  for  a 
second  car,  which  increases  the  vehicle  expense  and 
the  hesitancy  of  the  general  public  to  convert  to  pure 
EVs. 
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Recently,  thin  film  and  prismatic  polymer  lithium-ion  batteries 
(PLBs)  using  polymer  gel  electrolytes  have  been  commercialized  fa* 
some  potable  electronic  devices.  However,  PLBs  are  subject  to  some 
problems  in  that  their  performance  is  inferior  in  some  respects  to  that 
of  LIBs.  We  have  developed  new  thin  LIBs  using  an  organic  liquid 
electrolyte  with  tiiermal  stability.  Hoe,  we  report  the  results  of  die 
performance  and  the  safety  of  thin  LIBs. 

Experimental 

Thin  UBs  with  thicknesses  of  1.2  mm  and  3.6  mm  were 
constructed  by  using  a  graphitized  mesophase-pitch-based  caibon 
fiber  (MCF)  anode,  a  LiCoCh  cathode,  an  organic  liquid  electrolyte,  a 
separata,  and  an  aluminum-plastic  laminate  bag.  The  anode  and  the 
cathode  construction  were  the  same  as  those  described  previously 
[2,3].  By  molding  the  cathode,  the  anode,  the  cathode  and  the  anode 
were  in  dose  contact  with  die  separator.  The  charge-discharge 
characteristics  woe  evaluated  between  4.2  V  and  3  V  at20°C. 

Results 

Liquid  eledrvfyte-lhe  electrolyte  used  fa  the  thin  LIBs  was  a 
solution  of  UBF4  in  a  mixture  of  high  viscosity  solvents.  The 
electrolyte  had  the  advantages  of  a  high  flash  point  of  129°C,  a  high 
boiling  point  of  21 6°C,  a  high  viscosity  of  6.6  cP  at  20°C,  a  very  low 
vapor  pressure,  and  high  conductivities  of  6.04  mS/cm  at  20°C  and 
2.1  mS/cm  at  -20°C. 

Performance  test  data-  Table  1  shows  the  performance  parameters 
of  thin  UBs  with  thicknesses  of  1.2  mm  and  3.6  mm.  363562-type 
LIB  achieved  an  energy  density  of  156  Wh/kg,  which  is  higher  than 
diat  of  prismatic  LIB  and  thin  film  PLB  [1,3].  figure  1  shows  the 
discharge  curves  of  363562-type  LIB  at  various  discharge  rates.  The 
capacity  at  3  C  (1710  mA)  rate  discharge  was  95%  of  the  opacity  at 
0.2  C  rate  discharge.  The  discharge  performance  of  the  thin  LIB  as  a 
function  of  temperature  at  1  C  rate  discharge  between  -20°C  and 
20°C  was  also  measured  (fig.2).  At  -20°C  die  capacity  maintained 
58%  of  that  at  20°C.  On  the  charge-discharge  cycling  tests  at  1 C  rate, 

Table!  Specifications  of  thin  UBs 

Type  123562  363562 

Dimensions  (mm)  1.2  x  35  x  62  3.6  x  35  x  62 
Thickness  (mm)  1.2  3.6 

Weight  (g)  4.0  13.5 

Capacity  (mAh)  120  570 

Voltage  (V)  3.7  3.7 

Energy  density  (Wh/kg)  120  156 


die  thin  UB  maintained  80%  of  its  initial  capacity  after  500  cycles.  A 
high  temperature  storage  test  of  85°C  fcx  24h  after  changing  up  to 
4.2V  showed  a  very  small  thickness  change  of  less  than  2  %.  We 
consider  that  the  excellent  discharge  performance,  the  long  cycle  life, 
and  the  small  thickness  change  of  thin  UBs  are  attributable  to  die 
high  conductivity  and  the  thermal  stability  of  the  LiBF4  electrolyte 
and  the  rapid  lithium  intercalation  into  and  deintercalation  from  the 
MCF  anode  [2,3]. 


Capacity  fa  Ah) 

Fig.1  Discharge  curves  of 363562-type  LIB  at  various  rates. 


Capaciy  fa  All) 

Fig^  Discharge  curves  of  the  thin  LIB  at various  temperatures. 
Safety  test  data-  The  thin  UB  had  good  safety  performance. 
Specifically,  die  363562-type  UB  withstood  overcharge  tests  up  to 
12  V,  5  C  rate  as  well  as  oven  tests  up  to  170°C  fa  lh  at  4.4  V.  Such 
safety  performance  is  superior  to  that  of  any  currentiy  available  UB 
using  1M  LiPF6-EC/methyl-ethyl  carbonate  (MEQ  electrolyte, 
figure  3  shows  differential  scanning  calorimeter  (DSC)  profiles  of 
unwashed  LiCoO,  after  charging  up  to  4.2  V  in  the  LiBF4  electrolyte 
and  the  LiPF6  electrolyte.  The  DSC  peak  of  UC0O2  in  the  LiBF4 
electrolyte  was  smaller  and  shifted  to  a  higher  temperature  than  that  of 
the  LiPF6  electrolyte.  We  consider  that  the  safety  results  from  the 
stability  of  the  LiBF4  electrolyte  against  the  positive  material  in  die 
high  temperature  ranges  above  200°C.  finally,  thin  UBs  using  the 
thermally  stable  liquid  electrolyte  and  the  MCF  anode  are  die  most 
promising  thin  batteries  with  high  energy  density,  high  power,  and 
good  safety. 
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Fig3  DSC  profiles  of  unwashed  UC0O2  after  charging  up  to  42 
V 
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Li-ion  cells  are  being  applied  to  an 
increasing  array  of  applications  that  value 
the  high  specific  energy,  high  energy 
density,  and  long  life  delivered  by  the 
technology.  One  area  is  military  batteries, 
where  Li-ion  cells  are  used  for  portable 
equipment,  such  as  radios,  detectors  and 
imaging  equipment.  These  devices  are 
required  to  operate  in  all  envisioned 
environments  and  many  have  high  power 
requirements,  in  contrast  to  commercial 
equivalents.  To  enable  their  broadest 
application,  Li-ion  cells  that  offer  high  rate 
capability  and  low  temperature  capability 
are  required. 

To  meet  future  military  performance 
requirements  prismatic  “6Ah”  Li-ion  cells 
have  been  developed  with  high  power  and 
low  temperature  capability.  The  prismatic 
design  permits  efficient  use  of  space  within 
rectilinear  military  battery  boxes.  To 
optimize  the  cell  rate  capability,  thus  power 
density,  a  low  resistance  flat  plate  prismatic 
design  was  developed.  The  rate  capability  of 
the  cell  is  illustrated  in  Figure  1  which 
shows  constant  current  discharge  curves  at 
rates  from  0.36A  to  24A  (4C).  As  shown,  at 
24A  the  cell  delivered  6Ah,  88%  of  that 
delivered  at  the  C/16  (0.36A)  rate. 

The  cell  also  offers  low  temperature 
capability  to  -40°C  as  illustrated  in  Figure  2. 
As  shown,  at  -40°C  the  cell  delivered  4Ah, 
or  1 1.6Wh,  68%  of  the  capacity  and  54%  of 
the  energy  delivered  at  25°C. 


Figure  1.  Voltage  of  a  NCP-6  Cell  when 
discharged  at  25°C  after  charge  to  4.1V  at 
1A. 


Figure  2.  Voltage  of  a  NCP-6  cell,  charged 
to  4.1V  at  25°C  then  discharged  at  1A  at 
various  temperatures. 
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Introduction 

The  safety  of  lithium  ion  batteries,  especially 
under  abusive  conditions,  is  a  primary  concern  of 
battery  manufacturers  and  their  customers.  In 
particular,  the  potentially  violent  reaction  of  lithium 
ion  cells  at  very  high  temperatures  or  under  extreme 
overcharge  conditions  has  been  documented.  1  There 
have  been  a  number  of  studies  published  dealing  with 
the  thermal  analysis  of  individual  components  of 
lithium  ion  battery  systems, 2.3  as  well  as 
considerable  data  generated  on  safety  tests  of 
commercially  available  lithium  ion  product.4>5 
However,  there  has  been  little  reported  on  the 
systematic  variation  of  complete  lithium  ion  batteries 
and  the  effect  of  these  variations  on  the  safety 
performance  of  the  batteries.  This  report  details  the 
effect  of  cell  balance  (ratio  of  cathode  to  anode)  on 
the  overcharge  characteristics  of  lithium  ion  cells. 
Experimental 

Prismatic,  hermetically-sealed  lithium  ion  cells 
enclosed  in  stainless  steel  cases  were  assembled  using 
LiCoOj  cathodes,  graphite  anodes,  and  polyethylene 
separator.  The  cells  utilized  a  wound  element  design 
and  liquid  electrolyte.  The  anode  weight  was  held 
constant,  and  the  cathode  weight  was  varied  to  yield 
cell  balances  of  2.3,  2.8  and  3.3  for  three  groups  of 
cells.  Cell  balance  is  defined  here  as  the  weight  of  the 
active  cathode  material  divided  by  the  weight  of  the 
active  anode  material.  The  delivered  cell  capacity  and 
anode  capacity  were  experimentally  determined  for 
these  cells  as  a  function  of  cell  balance  and  are  plotted 
in  Figure  1 .  The  capacities  plotted  in  Figure  1  were 
taken  from  cycle  3  discharge  of  the  cells,  where  the 
cells  were  cycled  between  voltage  limits  of  +4.1  and 
+2.75  V.  Notably,  the  anode  capacity  at  a  cell  balance 
of  3.3  was  above  the  reversible  capacity  of  the 
graphite  anode  material,  and  likely  included  lithium 
deposition  at  the  anode  in  these  cells. 

Results  and  Discussion 

The  cells  were  fully  charged  to  +4.1  V  and  then 
overcharged  using  a  1  amp  constant  current  at  room 
temperature.  The  voltage  and  current  were  monitored 
during  the  test,  and  the  skin  temperature  of  the  cell 
was  recorded  using  a  thermocouple  attached  to  the 
outside  case  surface.  Typical  voltage  and  temperature 
curves  for  a  cell  with  a  cell  balance  of  2.8  on 
overcharge  test  are  plotted  as  a  function  of  time  in 
Figure  2.  The  temperature  peaked  at  115°C  and  the 
voltage  at  +5.3  V  prior  to  the  case  rupturing  as  a  result 
of  the  extreme  overcharge.  Interestingly,  the  onset 
time  for  the  overcharge  reaction  was  longer  for  cells 
with  a  higher  cell  balance,  corresponding  to  the 
increased  amount  of  cathode  material  in  these  cells. 
Summary 


Experimental  prismatic  lithium  ion  cells  were 
constructed  with  a  systematic  variation  in  cell  balance. 
These  cells  were  overcharged  under  a  constant 
current,  and  displayed  peak  voltages  of  +5.3  to  +5.5 
V.  The  temperature  remained  stable  throughout  the 
test  until  very  close  to  the  end  when  it  rapidly 
increased  to  97  to  120°C.  The  onset  time  for  the 
overcharge  reaction  was  longer  for  cells  with  a  higher 
cell  balance. 
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Figure  1.  Cell  and  anode  capacity  as  a  function  of 
cell  balance. 

Figure  2.  Voltage  and  temperature  during  overcharge 
at  1  amp  constant  current. 


Cell  Balance  (Cathode/Anode) 
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Faster  charging  of  Li-ion  batteries  is  not  simply  a 
matter  of  increasing  the  charging  current,  because 
capacity  built-up  is  not  linear  during  the  usual  CCCV 
charging  method.  The  fast  decreasing  charging  current  in 
the  CV-mode  results  in  a  very  slow  charge  rate  during  the 
last  part  of  the  charging  period.  Increasing  the  maximum 
charge  current  ImM  will  advance  the  start  of  the  CV-mode, 
but  the  total  charging  time  is  not  much  affected.  An 
additional  increase  of  the  charge  rate  can  be  achieved  by 
increasing  the  maximum  charge  voltage  VmM.  However, 
not  only  the  charging  time,  but  also  the  total  charged 
capacity  is  affected  by  Vm„.  To  a  minor  extend,  end-of- 
chargc  criteria  such  as  Imin  or  tmax  determine  the  capacity 
or  Depth-of-Charge  (DOC)  too.  Hence,  fast  charging  can 
only  be  defined  as  the  total  charging  time  for  a  certain 
amount  of  capacity  (DOC).  Increasing  ImM  and  Vmtx 
results  in  faster  charging,  but  also  in  faster  degradation 
resulting  in  loss  of  cyclelife.  Faster  degradation  is 
possibly  due  to  parasitic  reactions  like  Li-metal 
deposition  on  the  negative  electrode  and  to  decomposition 
of  the  electrolyte  at  the  relative  high  voltage  at  the 
positive  electrode.  Investigations  have  revealed  that 
charge  rate,  charged  capacity  and  capacity  decay 
(cyclelife)  depend  on  each  other  (see  Fig.  1  and  Fig.  2) 
and  are  determined  by  the  charge  parameters  IMX,  Vmtx 
and  DOC. 

In  addition  to  the  standard  CCCV  method  (curves 
(a)  and  (c)),  several  charging  algorithms  have  been  inves¬ 
tigated  aiming  for  a  decrease  of  the  charging  time  without 
significant  extra  loss  of  cyclelife,  such  as  multi-CC  charg¬ 
ing,  IR-compensated  charging  (curves  (d)  and  (e)), 

2-Step  CCCV  charging  and  COCV  charging. 


A  multi-CC  charging  algorithm  is  based  on  several 
charging  steps  with  constant  current.  The  charge  current 
is  gradually  decreased  from  ImM  till  Imin  in  each  conse¬ 
cutive  step.  A  step  is  terminated  when  the  maximum 
charge  voltage  VmM  has  been  reached.  The  advantage  of 
this  charge  regime  is  that  the  time  the  battery  will  be 
charged  at  V^  will  be  very  limited. 

For  IR-compensated  charging  it  is  assumed  that  part 
of  the  internal  resistance  would  be  Ohmic,  due  to  lead  and 
contact  resistances.  The  voltage  drop  on  this  resistance 
will  not  contribute  to  the  overvoltage  of  the  charging 
reactions.  Consequently,  the  maximum  charge  voltage 
has  been  increased  with  an  amount  depending  on  the 
charging  current.  Figure  1,  curves  (d)  and  (e)  shows  the 
charge  voltage  profiles  for  a  charge  regime  when  a  Vmix 
of  4.1  V  is  compensated  for  the  charging  current, 
assuming  an  Ohmic  resistance  of  0.05*  and  0.1*  , 
respectively. 

The  charge  regime,  called  2-Step  CCCV,  consists 
simply  of  2  consecutive  steps  with  a  CCCV  regime. 
During  the  first  step,  Vmix  is  limited. 

COCV  charging  has  been  developed  as  a  new 
charging  algorithm.  COCV  stands  for  a  charging  method 
with  a  Constant  Overvoltage  mode  followed  by  a 
Constant  Voltage  mode.  The  CO-mode  is  based  on  the 
equilibrium  voltage  (OCV)  of  the  battery  and  its  corres¬ 
ponding  DOC  (see  Figure  1).  The  charging  voltage  is 
continuously  adapted  to  keep  the  difference  with  the  OCV 
voltage  at  a  constant  value. 

It  has  been  shown  that  there  is  a  clear  relation 
between  the  overvoltage  during  charging  and  the 
degradation  rate  during  cycling.  Good  results  have  been 
found  with  a  COCV  algorithm  using  an  overvoltage  of 
250  -  300mV  (curves  (b)). 
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Figure  1 :  Voltage  characteristics  during  various  charging 
regimes  (curves  (a)-(e))  and  OCV  behavior  (curve  (0). 
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Figure  2:  Capacity  decay  during  cycling  of  Li-ion  with  the 
various  regimes  of  Figure.  1 . 
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Introduction 

Lithium  ion  batteries  have  been  proven  to  meet  and  even 
exceed  the  high  power  goals  set  by  the  Partnership  for  a 
New  Generation  Vehicle  (PNGV).  In  this  case,  however, 
one  of  the  major  challenges  that  prevent  this  technology 
from  being  used  as  an  energy  storage  system  for  hybrid 
vehicles,  is  its  short  calendar  life.  At  the  moment,  the 
lithium  ion  technology  has  a  3  -year  calendar  life,  which 
is  far  shorter  that  the  10  years  required  by  PNGV.  In  this 
case,  the  end-of-life  of  the  high-power  system  is  caused 
by  power  fade  associated  with  the  impedance  rise  of  the 
cell,  rather  than  the  fading  of  the  capacity,  which  is  the 
typical  cause  of  end-of-life  for  high-energy  cells.  To 
support  the  PNGV’s  industrial  partners,  the  US 
Department  of  Energy  (DOE)  has  created  a  multi¬ 
national  laboratory  program  referred  to  as  the  “Advanced 
Technology  Development  Program”,  headed  by  Argonne 
National  Laboratory,  to  identify  the  main  causes 
responsible  for  calendar  life  limitation  in  the  high  power 
lithium  ion  technology,  and  propose  potential  solutions 
that  can  lead  to  meeting  the  life  requirement. 

Results  and  Discussion 

The  lithium-ion  chemistry  used  in  these  high  power 
batteries  is  based  on  LiNio.8Coo.2O2  as  the  positive  active 
material  and  a  blend  of  SFG-6  and  MCMB-6  as  the 
negative  active  material.  This  chemistry  was  investigated 
using  LiPFg/EC+DEC  electrolytes.  Both  the  positive  and 
negative  electrodes  were  engineered  with  the  aim  of 
reducing  initial  cell  resistance  and  enhancing  power.  A 
high  power  18650-cell  (36W)  was  then  designed  and 
fabricated  using  the  above  chemistry,  and  extensive 
accelerated  calendar  life  testing  was  carried  out.  The  cells 
were  first  characterized  at  25°C  in  terms  of  AC  impedance 
(at  0%  and  100%  SOC),  C/1  capacity  and  a  hybrid  pulse 
power  characterization  (HPPC)  test  at  10  C  rate.  The  cell 
was  then  discharged  to  3.918  V  and  heated  to  70°C.  After 
equilibration,  the  cell  was  potentiostated  at  the  rest 
voltage  and  allowed  to  age  for  two  weeks  at  70  °C.  After 
2  weeks,  the  cell  was  disassembled  and  the  electrodes 
were  investigated  via  reference  electrode  and  AC- 
impedance  study.  The  hybrid  pulse  power 
characterization  test  (HPPC)  was  carried  out  on  a  large 
laboratory  cell  (32  cm2)  containing  a  reference  electrode. 
This  test  consists  of  a  series  of  partial  (but  increasing)  C/1 
discharges  at  10%  depth  of  discharge  (DOD)  increments, 
each  of  which  is  followed  by  a  pulse  profile  (18s  at  10  C 
rate)  and  a  recharge.  The  discharge  and  regenerative 
braking  pulse  power  capability  are  calculated  at  each 
available  DOD  increment.  The  reference  electrode  used 
in  this  case  was  made  of  25p.m  copper  wire,  insulated  by 
a  3  micron  layer  of  polyurethane  enamel.  The  insulation 
layer  was  stripped  from  the  tip  of  the  wire  and  a  1  pm  tin 
layer  was  electroplated  onto  the  exposed  copper.  After 
cell  assembly,  the  tin  plated  layer  on  the  tip  of  the  wire 
was  charged  with  lithium  from  the  positive  electrode. 

Figure  1  compares  the  area  specific  impedance  (ASI), 
during  the  18s  pulse  discharge  of  the  cell,  the  positive  and 
the  negative  electrodes  of  both  a  fresh,  and  an  aged  cell. 


The  initial  ASI’s  of  the  cell,  made  with  fresh  electrode 
Fig.lc  increased  significantly  from  40  ohm-cm2  to  100 
ohm-cm2  after  2  weeks  of  accelerated  calendar  life  testing 
at  70°C  (Fig.  la).  The  bulk  of  the  impedance  rise  in  this 
case,  is  due  mainly  to  the  positive  electrode,  as  clearly 
indicated  from  the  comparison  of  the  ASI’s  of  a  fresh 
(Fig  Id)  and  aged  (Fig  lb)  positive  electrodes.  The 
increase  in  the  ASI’s  of  the  aged  negative  electrode  (Fig 
le)  is  not  significant  when  compared  to  the  ASI’s  of 
initial  fresh  negative  electrode  (Fig.  If).  To  understand 
the  cause  of  the  impedance  rise  at  the  positive,  we 
compared  the  AC  impedance  of  two  symmetrical  cells 
made  from  two  symmetric  positive  electrodes  either  fresh 
or  aged  cells.  The  positive  symmetrical  cells  were  build 
by  taking  two  identical  normal  cells  that  were  cycled, 
disassembling  them,  and  then  reassembling  the  positive 
electrodes  of  both  regular  cells  as  one  symmetric  positive 
cell.  Fig.  2  compares  the  AC  impedance  of  symmetrical 
positive  cells  made  of  fresh  electrodes,  after  one  cycle 
(Fig.2a),  and  aged  electrodes  (Fig.2b).  The  semi  circle  at 
medium  frequency,  which  corresponds  to  lithium 
transport  through  the  positive  electrode  interface, 
increases  significantly  after  accelerated  calendar  life 
testing.  Therefore,  the  impedance  rise  of  the  high  power 
cell  is  mainly  due  to  the  charge  transfer  resistance  at  the 
positive  electrode. 
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Fig.  1  Area  specific  impedance  of  a)  aged  cell,  b)  aged 
positive  electrode,  c)  fresh  cell,  d)  fresh  positive 
electrode,  e)  aged  negative  electrode  and  f)  fresh  negative 
electrode 
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Fig.2  AC  impedance  spectra  of  symmetrical  positive  cells 
made  of  (a)  fresh  electrodes,  and  (b)  aged  electrodes 
subjected  to  calendar  life  testing  at  70°C. 
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Introduction  of  the  developed  pyridinium- 
containing  organosilicon  additives  differing  in  ethylene 
oxide  groups  content  affects  positively  both  cathode 
(Fig.3)  and  anode  (Fig.4)  process. 
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Modification  of  electrolytes  and  electrode  materials 
by  organic  additives  is  one  of  the  promising  methods  for 
the  improvement  of  operating  characteristics  of  lithium 
power  sources.  The  efficiency  of  using  the  modifying 
additives  results  in  the  following  significant  change  in  the 
properties  of  electrochemical  system  after  introducing  a 
minute  quantity  of  the  organic  additive  into  the 
composition  of  electrode  mass  or  directly  into  electrolyte: 
conductivity  of  liquid  and  polymer  electrolytes 
increases; 

the  range  of  the  electrochemical  resistance  of 
electrolytes  to  oxidation/reduction  processes 
becomes  wider; 

during  system  storage  and  at  cycling  the  interaction 
between  electrode  materials  and  electrolyte 
decreases. 

As  a  result,  stability  of  electrode  system  improves 
under  the  cycling  conditions. 

We  have  developed  the  method  of  synthesis  and 
practical  application  of  promising  as  the  additives  the 
following  nitrogen-containing  compounds  : 
aromatic  amines; 

diarylamines  and  their  substituted  amides  of 

carboxylic  acids; 

nitrogen-containing  heterocycles; 

arilamide  compounds; 

compounds  with  macrocyclic  structure; 

ammonium  siliconorganic  compounds. 

The  following  investigations  were  carried  out: 
influence  of  the  additives  on  the  background 
potentiodinamic  characteristics  of  nonaqueous 
electrolyte  on  a  platinum  electrode; 
electrochemical  stability  of  electrolyte  with  the 
additives  within  the  potential  range  of  above  4.5  V; 
thermal  stability  of  polymer  electrolytes  with  the 
additives; 

potentiodynamic  and  galvanostatic  cycling  of 
electrode  materials  in  the  electrolytes  with  the 
additives; 

testing  actual  samples  of  chemical  power  sources 
within  the  size  of  disk  lithium  cells. 

LiMn204  and  graphite  were  investigated  as 
electrode  materials.  Polymer  electrolytes  were  prepared 
on  the  basis  of  chlorinated  polyvinylchloride.  Liquid 
electrolytes  were  fabricated  on  the  basis  of  the  following 
solvents:  PC,  DME,  DMC,  DEC  and  the  salts:  LiC104, 
LiPF6,  LiAsF6,  LiS03CF3. 

The  investigations  carried  out  have  shown  that  the 
macrocyclic  compounds,  substituted  heterylthiocarboxylic 
acids  and  the  organosilicon  derivatives  of  4,4  -dipyridil 
are  the  most  promising. 

Introducing  into  LiMn204-based  cathode  the 
modifying  additives  falling  into  the  class  of  the 
compounds  with  a  macrocyclic  structure  leads  to  the 
stabilization  of  cathode  characteristics  in  the  process  of  its 
cycling.  After  120  cycles  (Fig.l)  the  discharge  capacity  of 
cathode  maintains  higher  than  in  the  system  without 
additive.  It  should  be  pointed  out,  that  during  all  cycling 
the  charge-discharge  capacity  relation  is  near  1  that 
indicates  a  good  reversibility  of  the  process  (Fig.2). 
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Overcharging  of  lithium  and  lithium  ion  batteries  can  not 
only  reduce  rechargeable  capacity  and  shorten  cell  life, 
but  can  also  create  hazardous  conditions.  Redox  shuttle 
additives  may  provide  inexpensive  overcharge  protection 
for  multi-cell  battery  stacks  for  electric  vehicles  and  other 
high  voltage  applications.1 2'3 4 5 6  The  additive  acts  as  an 
internal  current  shunt  when  the  charging  potential  exceeds 
the  oxidation  potential  of  the  additive  (Fig.  I).4-6 

A  number  of  redox  shuttle  additives  with  shuttle  current 
onset  potentials  ranging  from  4.1  V  to  greater  than  4.6  V 
have  recently  been  discovered.1,2  Potential  sweep  results 
showing  onset  potentials  and  limiting  currents  at  a  5  jim 
diameter  Pt  microdisk  electrode  for  some  examples  are 
shown  in  Figure  2. 

In  consumer  battery  applications,  mechanical  and  thermal 
shutdown  mechanisms  are  employed  which  prevent 
overheating,  bursting  or  venting  while  terminating  the  life 
of  the  cell.  This  can  also  be  accomplished  through  the  use 
of  electrolyte  additives. 

The  electrochemical  characteristics  and  performance 
evaluation  of  both  types  of  additive  will  be  discussed. 


1 .  T.  J.  Richardson  and  P.  N.  Ross,  Jr.,  Proc. 
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Soc.,  143,  3992(1996). 

4.  S.  R.  Narayanan,  S.  Surampudi,  A.  I.  Attia,  and  C.  P. 
Bankston,  J.  Electrochem.  Soc.,  138,  2224  (1991). 

5.  M.  N.  Golovin,  D.  P.  Wilkinson,  J.  T.  Dudley,  D. 
Holonko,  and  S.  Woo,  J.  Electrochem.  Soc.,  139,  5 
(1992). 

6.  Abraham,  K.  M.,  Electrochim.  Acta,  38,  1233  (1993). 


Figure  1.  Galvanostatic  cycling  of  LiMn204/LiPF6 
EC:2DMC/Li  cell.  Solid  line:  normal  cycling  with  4.2  V 
upper  limit;  dashed  line:  50%  overcharge. 


Anode  Potential  vs  Li/LP  (V) 

Figure  2.  Pt  microdisk  electrode  potential  sweep  data  for 
redox  shuttle  additives  in  LiPFe  EC:2DMC.  Shuttle  cone. 
0.1  M,  sweep  rate  20  mV/s. 
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INTRODUCTION 

Since  the  first  commercialization  of  the  lithium- 
ion  battery  by  SONY  in  1991,  we  have  studied  the  thermal 
behavior  of  the  battery  during  charge  and  discharge  from 
the  viewpoint  of  safety  [1).  In  recent  years,  lithium-ion 
batteries  have  been  produced  by  several  companies.  In 
this  study,  we  will  present  the  heat  generation  behaviors  of 
the  various  lithium-ion  batteries  during  charge  and 
discharge. 


EXPERIMENTAL 

Four  kinds  of  commercial  batteries  (Sample  A, 
B,  C,  and  D)  produced  by  different  companies  were  used 
as  the  test  samples.  The  shape  of  the  all  batteries  was 
cylindrical  and  the  size  was  18  mm  in  diameter  and  65 
mm  in  length.  LiCo02-based  material  was  used  in  the 
cathode  in  all  batteries.  Graphite-based  material  had  been 
selected  for  the  anode  except  sample  D  in  which  hard 
carbon  was  used. 

The  heat  generation  of  the  batteries  was 
measured  by  a  twin-type  heat  conduction  calorimeter 
(Setaram,  C80-22)  for  constant  current  charging  and 
discharging. 

Depth  of  discharge,  DOD,  was  defined  from  the 
battery  capacity  between  charged  state  at  4.2V  and 
discharged  state  at  2.7V  for  the  all  batteries. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  results  of  calorimetric 
measurement  for  the  batteries  during  0.04C  charging  and 
discharging  at  313K.  The  battery  reaction  is  almost 
endothermic  in  charge  while  exothermic  in  discharge. 
This  is  related  to  the  entropy  change  of  the  reaction. 

The  variation  of  the  heat  generation  curves  is 
extremely  complicated.  The  peaks  observed  in  region  (a) 
are  caused  by  the  crystal  phase  transition  of  the  cathode 
material.  The  cathode  active  material  in  sample  A 
contains  2  wt%  of  Sn,  and  this  might  be  effective  to 
suppress  the  phase  transition  as  shown  in  Fig.  1  (A).  The 
thermal  behaviors  at  region  (a)  in  sample  D  are  also 
somewhat  different  with  those  in  sample  B  and  C. 

The  heat  generation  curves  of  sample  D  appears 
unique  while  the  others  show  similar  variation  at  deeper 
discharged  state  than  30%  of  DOD.  This  is  originated  in 
the  anode  active  material.  Only  in  sample  D,  hard  carbon 
is  used.  Hard  carbon  electrode  shows  voltage  hysteresis 
between  charging  and  discharging,  which  causes 
characteristic  exothermic  behaviors  at  region  (e)  and  (0 
during  discharge  and  charge,  respectively,  and  it  results  in 
asymmetric  heat  generation  curves  between  charge  and 
discharge  [2]. 

It  is  well  known  that  the  graphite-based  carbon 
that  is  used  in  sample  A,  B,  and  C  shows  stage  structure 
when  lithium  ions  are  intercalated  into  the  material.  For 
sample  A,  it  was  suggested  that  the  anode  material  at  (b), 

(c) ,  and  (d)  was  attributed  in  single  stage  phase  from  the 
voltage  profile,  and  XRD  data  showed  that  the  stage  was 
2,  2L,  and  4  in  (b),  (c),  and  (d),  respectively.  In  addition, 
co-existence  of  stage  1  and  2  was  observed  in  the  fully 
charged  state  (DOD  0%),  and  dilute  stage  1  in  the  fully 
discharged  state  (DOD  100%).  Thus,  it  is  concluded  that 
the  complex  variation  of  heat  generation  at  (b),  (c),  and 

(d)  is  caused  by  the  change  of  the  stage  structure  of  the 
anode  material.  Fine  distinctions  of  the  variation  among 


sample  A,  B,  and  C  is  thought  to  be  originated  in  the 
characteristics  such  as  crystallinity  and  size  of  the 
crystallite  of  the  anode  material. 
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Figure  1.  The  heat  generation  curves  during  charge  and 
discharge  of  0.04C  at  313K  for  (A)  Sample  A,  (B)  Sample 
B,  (C)  Sample  C,  and  (D)  Sample  D. 
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INTRODUCTION 

For  the  prevention  of  the  thermal-runaway,  it  is 
important  to  understand  heat  generation  behaviors  of  the 
lithium-ion  battery  in  the  overcharge.*  The  heat 
generation  quantity  in  the  overcharge  of  the  various 
lithium-ion  batteries  was  examined  and  discussed.*  It  is 
also  examined  how  the  charging  rate  affects  the  heat 
generation  behaviors. 

EXPERIMENTAL 

Commercial  batteries  were  used  mainly  for  the 
test.  Samples  A  and  D  were  an  18650  cylindrical  type. 
LiCo02-based  active  materials  were  used  for  the  cathode 
of  both  samples.  Anode  active  material  was  graphite  in 
the  sample  A  and  hard  carbon  in  the  sample  D.  The 
solvents  of  electrolyte  contained  were  EC/EMC  in  the 
sample  A  and  PC/DMC/EMC  in  the  sample  D  with  LiPF6 
[1].  A  trial  manufacture  battery  was  also  tested,  and 
LiMn204  was  used  for  its  cathode. 

The  heat  generation  in  the  batteries  was 
measured  by  a  twin-type  heat  conduction  calorimeter 
(Setaram,  C80-22)  in  constant  current  charging  with  a 
compliance  voltage  limit  of  7.0V.  The  calorimeter  was 
controlled  at  the  constant  temperature  of  303K.  Since  the 
maximum  range  of  C80-22  was  about  3W,  heat  flow  over 
the  range  was  estimated  from  the  inner  temperature 
difference  between  the  sample  vessel  and  the  reference 
vessel.  Using  specially  designed  sample  vessels  with  a 
groove  for  a  thermocouple,  the  temperature  in  the  vessels 
was  measured.  The  test  was  started  from  the  fully 
discharged  state. 

RESULTS  AND  DISCUSSION 

It  has  been  proven  that  the  cooling  system  must 
be  able  to  remove  an  equivalent  heat  for  electrical  input  in 
order  to  prevent  the  thermal-runaway  that  originates  from 
the  overcharge.  In  every  battery,  the  heat  generation  flow 
gradually  increased  with  the  charged  electricity  at  the 
beginning  of  overcharge,  and  then  it  rapidly  increased 
from  near  130%  ~  180%  at  the  charged  electricity  to  the 
battery  capacity.  The  charged  amount  in  which  the  heat 
flow  begins  to  increase  rapidly  seems  to  be  related  to  the 
composition  ratio  of  the  lithium  contained  in  the  cathode 
active  material  at  the  full  charge.  LiCo02-based  cathode 
materials  contain  much  more  lithium  at  the  full  charge 
than  LiMn204-based  materials.  The  rapid  increase  in  heat 
flow  in  the  later  battery  began  about  130%  at  the  charged 
amount,  while  it  in  the  former  began  at  about  160%  ~ 
1 80%.  Although  the  heat  flow  was  almost  proportional  to 
the  charging  current  at  0.2C  and  below,  it  was 
complicated  at  0.5C  and  above.  However,  the  heat  flow 
almost  agreed  with  electrical  input,  when  the  overcharge 
sufficiently  advanced.  Though  the  heat  generation 
exceeding  electrical  input  was  also  observed,  the  excess 
heat  was  about  20%  of  the  electrical  input  at  most  as 
shown  in  Fig.  1  and  Fig.  2.  As  shown  in  Fig.  3,  the 
battery  voltage  monotonically  increased  with  the  charged 
amount  until  about  4.4V.  In  the  range  over  4.4  V,  there 
were  plateaus  and  dents  in  the  voltage  curve.  They  were 
dependent  on  cathode  material  and  charging  current.  In 
the  sample  A  including  Sn  of  about  2wt%  in  cathode 
active  material,  the  increase  in  the  voltage  was  limited 
under  5.3  V. 
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Fig.  1  Variations  of  (heat  flow/electrical  input)  with 
(charged  electricity/battery  capacity)  for  various  charging 
rates  in  the  sample  A  with  capacity  of  about  1630mAh. 
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Fig.  2  Variations  of  (heat  flow/electrical  input)  with 
(charged  electricity/battery  capacity)  for  various  charging 
rates  in  the  sample  D  with  capacity  of  about  1300mAh. 


(Charged  Electricity/Battery  Capacity)  /% 

Fig.  3  Voltage  variations  in  overcharging  for  different 
batteries  and  rates. 
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Introduction 

Recently,  considerable  attention  has  been  given 
to  the  development  of  lithium  secondary  batteries  for 
home-use  load-leveling  systems.  These  batteries  require  a 
much  longer  cycle  life  than  those  used  for  consumer 
electrical  devices  because  they  are  designed  for  such 
long-term  use  as  10  years.  Such  a  period  implies  a  long 
cycle  life  of  more  than  3500  cycles.  We  have  already 
reported  the  excellent  charge-discharge  cycle  performance 
of  lithium  secondary  batteries  using  LiNio.7Coo.3O2  as  the 
positive  electrode  material  and  a  mixture  of  graphite  and 
coke  (graphite-coke  hybrid  carbon)  as  the  negative 
electrode  material0. 

In  our  previous  work,  it  was  found  that  a  lithium 
secondary  battery  using  a  graphite-hard  carbon  hybrid 
carbon  showed  a  higher  discharge  capacity  and  a  better 
cycle  performance  than  that  using  a  graphite-coke  hybrid 
carbon2)' 3).  In  this  work,  the  deterioration  mechanism  of 
graphite-hard  carbon  and  that  of  graphite-coke  hybrid 
carbon  were  investigated. 

Experimental 

The  graphite-hard  carbon  or  graphite-coke 
hybrid  carbon  was  prepared  by  mixing  natural  graphite 
and  hard  carbon  or  coke.  2  Wh  class  cylindrical  cells 
(14.2  mm  in  diameter  and  50.0  mm  in  height)  were 
fabricated  by  using  the  graphite-hard  carbon  or  graphite- 
coke  hybrid  carbon  as  the  negative  electrode  material  and 
LiNio.7Coo.3O2  as  the  positive  electrode  material.  The 
electrolyte  was  LiPF6  of  1  mol/dm3  dissolved  in  a  mixture 
of  50%  ethylene  carbonate  (EC)  and  50%  diethyl 
carbonate  (DEC)  in  volume  ratio.  In  cycle  tests,  the  cells 
were  charged  at  a  constant  current  of  220  mA  to  385  mAh 
and  discharged  at  a  constant  current  of  220  mA  to  2.7  V. 
In  order  to  measure  the  entire  discharge  capacity,  the  cells 
were  charged  up  to  4.2  V  at  a  constant  current  of  80  mA 
and  discharged  to  2.7  V  at  a  constant  current  of  70  mA  at 
every  50  cycles. 

Results  and  discussion 

The  graphite-hard  carbon  hybrid  carbon  (4/1  in 
weight  ratio)  exhibited  a  high  discharge  capacity  of  371 
Ah/kg.  The  2  Wh  class  cells  using  the  graphite-hard 
carbon  hybrid  carbon  also  exhibited  a  high  specific 
energy  of  120  Wh/kg,  which  was  5%  higher  than  that  of 
the  cells  using  the  graphite-coke  hybrid  carbon.  As  for 
the  cycle  performance,  the  2  Wh  class  cells  using  the 
graphite-hard  carbon  hybrid  carbon  showed  a  discharge 
capacity  of  76.6%  at  the  700th  cycle  compared  with  that 
at  the  initial  state.  These  cells  also  had  a  slightly  smaller 
deterioration  rate  in  the  discharge  capacity  than  the  cells 
using  the  graphite-coke  hybrid  carbon  (Fig.  1). 

In  order  to  clarify  the  deterioration  mechanism, 
hybrid  carbon  negative  electrodes  after  charge-discharge 
cycle  tests  were  analyzed  by  XPS.  In  the  XPS  spectra  of 
Ois  and  Fj„  there  were  peaks  considered  to  be  Li2C03  and 
LiF  (Fig.  2).  The  peak  intensity  of  Li2C03  grew  stronger 
as  the  cycles  increased.  On  the  other  hand,  the  change  in 
peak  intensity  of  LiF  was  smaller  than  that  of  L12CO3. 


Therefore,  it  is  assumed  that  LiF  was  produced  by  the 
decomposition  of  the  solute  mainly  at  the  initial  cycles 
and  Li2C03  was  produced  by  the  decomposition  of  the 
solvent  during  the  cycles. 

Furthermore,  in  order  to  measure  the  quantity  of 
the  decomposition  products,  hybrid  carbon  negative 
electrodes  after  charge-discharge  cycle  tests  were 
analyzed  by  7Li  NMR.  In  each  negative  electrode,  there 
was  a  peak  at  0  ppm  that  was  attributed  to  inactive  lithium 
in  the  decomposition  products.  We  analyzed  the  rates  of 
increase  in  the  relative  areas  of  the  peak  at  0  ppm  to  the 
peak  indicating  the  lithium  intercalated  into  the  hybrid 
carbons  during  the  cycles.  Consequently,  the  rate  of 
increase  for  the  graphite- hard  carbon  hybrid  carbon  was 
found  to  be  smaller  than  that  for  the  graphite-coke  hybrid 
carbon.  It  was  therefore  concluded  that  the  graphite-hard 
carbon  hybrid  negative  electrode  suppressed  the 
decomposition  of  the  electrolyte  and  provided  a  better 
cycle  performance  than  the  graphite-coke  hybrid  carbon. 

From  these  results,  the  graphite-hard  carbon 
hybrid  carbon  is  considered  to  be  a  promising  negative 
electrode  material  for  long-life  lithium  secondary  batteries 
for  load-leveling  systems. 
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Fig.  1  Cycle  performance  of  2  Wh  class  cells  using 
graphite-hard  carbon  and  graphite-coke  hybrid  carbon. 
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Fig.  2  XPS  spectra  of  graphite-hard  carbon  hybrid 
carbon  negative  electrodes  after  charge-discharge  cycle 
tests. 
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INTRODUCTION 

Lithium  secondary  batteries  for  home-use  load 
leveling  systems  are  required  to  have  long-cycle  lives  of 
3500  cycles.  This  system  is  charged  during  the  night  for 
5-8  hrs  and  discharged  during  the  day  for  the  same  period. 
Therefore,  time  compression  is  an  indispensable  means  to 
evaluate  cycle  lives  of  the  batteries  for  a  given  period.  In 
this  study,  two  techniques  were  experimentally 
investigated  in  order  to  identify  their  applicability  for  the 
evaluation  test.  One  was  the  extrapolation  method  that 
used  limited  data  obtained  from  cycle  operation  under 
standard  conditions.  The  other  was  the  accelerated  aging 
test  involving  five  stress  factors:  charging  rate, 
discharging  rate,  charging  and  discharging  rate,  depth-of- 
discharge  (DOD)  and  static  thermal  stress. 

EXPERIMENTAL 

A  commercialized  cylindrical  lithium  ion  cell  of 
1.25  Ah  capacity  (type  US18650)  from  SONY  was  used 
as  a  typical  sample.  The  standard  operating  condition  is 
an  8-10  hr  rate  for  both  charging  and  discharging,  and  a 
DOD  of  70  %  from  the  fully  charged  state.  The  charging 
limit  voltage  was  set  at  4.2  V  and  charging  methods  of 
c.c.+c.v.  and  c.c.  were  compared.  The  discharging  limit 
voltage  was  2.5  V.  The  parameters  of  the  rate  accelerated 
test  changed  between  0.33  C  and  1.0  C.  The  DOD  was 
from  70  %  to  100  %  (fully  discharged).  All  the 
operations,  except  for  the  static  thermal  test,  were  carried 
out  at  25  •  .  The  temperature  of  thermal  stress  was  set 
between  10  •  and  55  •  .  A  capacity  test  of  full 
discharging  at  8  hr  rate  was  carried  out  every  50  cycles 
except  in  the  static  thermal  stress  test.  Three  cells  were 
tested  under  the  same  conditions  to  elucidate  the 
performance  dispersion.  Cycle  tests  were  started  in  1995 
under  22  sets  of  conditions  including  4  standard  condition 
sets.  The  cycle  life  was  judged  from  the  cycle  in  which 
the  discharge  capacity  dropped  to  70  %  of  the  initial 
capacity  (0.875 A)  in  the  capacity  test  condition. 

RESULTS  AND  DISCUSSION 
1.  Extrapolation  method 

The  average  cycle  life  under  the  standard 
conditions  was  approximately  2000  cycles.  Discharge 
capacities  under  the  capacity  test  condition  almost 
linearly  decreased.  Cycle  lives  of  1700  cycles  in  c.c.+c.v. 
charging  and  2200  cycles  in  c.c.  charging  were  obtained. 
For  understanding  these  phenomena,  we  carried  out  an 
additional  cycle  life  tests  of  shallow  DOD’s  with  different 
voltage  ranges.  From  these  results,  it  was  found  that  the 
operating  voltage  range  played  the  important  role  in  the 
cycle  life  of  the  cell.  Above  results  can  be  explained  to 
cause  the  difference  in  the  period  experienced  the  high 
voltage  range  over  4.0  V.  Typical  cycle  performance 
under  the  standard  condition  is  shown  in  Fig.l.  The 
straight  line  extrapolated  from  the  initial  500  cycles  has 
been  added.  Based  on  this  line,  the  cycle  life  was 
estimated  to  be  2200  cycles  and  this  value  has  about  20% 
error  against  the  experimental  result. 


2.  Accelerated  aging  test 

Accelerated  coefficients  against  each  of  the 
accelerated  factors  are  shown  in  Fig.2.  These  were 
calculated  as  the  inverse  ratio  of  the  sustained  periods 
against  one  of  the  standard  conditions.  Collectively,  these 
tend  to  increase  monotonously  for  all  parameters.  The 
thermal  stress  factor  showed  the  most  remarked 
acceleration  of  all  factors  and  the  charging  rate  factor  was 
the  second  highest.  On  the  other  hand,  DOD  and  the 
charging  and  discharging  rate  factors  at  0.5  C  were  not 
effectively  accelerated.  In  particular,  in  the  latter  case,  the 
cycle  life  prolonged  to  twice  that  under  the  standard 
condition. 

In  evaluating  the  cycle  life  within  limited 
periods,  the  accelerated  condition  fitted  for  the  cell 
system  should  be  selected,  and  both  the  extrapolation 
method  and  the  accelerated  aging  test  had  better  be 
conducted  in  parallel. 

This  work  has  been  conducted  as  the  partial  R&D  of 
LIBES  under  contract  with  NEDO  for  “New  Sunshine 
Program”  Japanese  national  project  by  AIST,  MITI. 


Fig.l  Typical  cycle  performance  under  standard 
conditions.  Solid  line  represents  the  extrapolation  from 
the  initial  500cycles. 


Fig.2  Accelerated  coefficients  of  [A]  charging  rate,  [B] 
discharging  rate,  [C]  charging  and  discharging  rate,  [D] 
DOD  and  [E]  the  static  thermal  stress.  Error  bars 
represent  the  dispersion  of  the  three  cells. 
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A  new  tool  to  study  Li-ion  cell  safety... 

Safety  of  Li-ion  cells  is  tightly  linked  to  the  unstability  of 
charged  positive  and  negative  electrodes,  in  presence  of 
liquid  electrolyte.  Many  publications  are  relative  to  the 
evaluation  of  thermal  stability  of  positive  or  negative 
materials  by  DSC  experiments,  or  to  the  whole  cell 
behavior  during  abusive  tests  at  charged  state.  Not  so 
much  studies  focusing  on  reactivity  of  whole  single 
positive  or  negative  electrodes  have  been  reported  so  far. 

The  aim  of  this  study  is  to  evaluate  the  reactivity  of  a 
given  positive  or  negative  electrode,  just  recovered  from 
dismantled  Li-ion  cells  at  charged  state  (>  4.0V  end 
charge  voltage). 

Different  positive  and  negative  electrodes  definitions  have 
been  investigated.  The  nature  of  positive  (LiCoC>2,  doped 
LiNi02...)  and  negative  (graphite,  MCMB,  carbons 
mixtures...)  active  materials  is  the  main  parameter  which 
has  been  taken  into  account  in  the  electrodes  definitions. 

The  reactions  between  electrolyte  and  charged  positive  or 
negative  electrodes  have  been  initiated  by  a  laser  beam, 
having  a  monitored  intensity  and  time  pulse.  From  such  a 
device,  a  strong  and  controlled  heating  can  be  generated, 
in  a  very  short  time  scale,  on  a  defined  electrode  surface 
area.  This  localized  heating  is  supposed  to  be  similar  to 
that  could  occur  from  a  cell  internal  short-circuit. 

The  behavior  of  electrodes  under  laser  pulses  has  been 
followed  by  both  video  and  IR  camera.  Very  specific  and 
different  reaction  propagation  mechanisms  have  been 
observed  in  function  of  the  laser  power  and  of  the  positive 
or  the  negative  electrode  definitions. 

On  propagation  phenomenon... 

It  has  been  possible  to  initiate  self-propagation  of 
reactions  on  both  positive  and  negative  electrodes  from 
localized  heating.  Self-propagation  is  more  easy  to  start  on 
negative  electrode.  The  differences  between  propagation 
mechanisms  on  negative  and  positive  electrodes  will  be 
discussed  in  the  paper. 

On  kinetics  of  reactions... 

The  kinetics  of  the  involved  propagation  reactions  speeds 
have  been  calculated  from  IR  camera  films.  Results  have 
been  reported  on  Tables  I  and  II  for  positive  and  negative 
electrodes  respectively.  Electrode  ability  to 
self-propagation  has  been  linked  to  active  material  nature, 
electrode  state  of  charge  and  laser  power  threshold 
(intensity,  time,  impact  surface). 


Correlation  with  other  cell  safety  investigation  techniques. . . 

The  obtained  results  have  been  compared  to  those  of  other 
safety  investigation  methods  (DSC,  ARC  experiments). 
This  new  set  of  data  has  also  allowed  a  better 
understanding  of  Li-ion  cell  abuse  tolerance  and  an 
improvement  of  the  ranking  in  thermal  stability  of  charged 
negative  and  positive  electrodes 

Specific  observations  on  positive  electrode... 

In  addition  to  the  known  reactions  between  charged 
positive  material  and  electrolyte,  a  highly  energetic 
reaction  has  been  identified  and  studied.  It  consists  in  an 
oxygen  transfer  between  positive  active  material  and 
aluminium  collector.  This  very  exothermic  reaction  occurs 
in  the  700-900  °C  temperature  range  and  it  must  be  taken 
into  account  to  a  better  understanding  of  Li-ion  cell 
behavior  in  abuse  conditions. 

Conclusion. 

A  new  technique  for  a  better  understanding  of  Li-ion  cell 
safety  has  been  investigated.  Useful  and  complementary 
results  to  those  obtained  from  DSC  and  ARC  experiments 
have  been  obtained  and  linked  to  Li-ion  cell  behaviour 
during  abusive  tests.  Influence  of  the  successive  reactions 
kinetics  on  the  overall  process  is  particularly  well 
evidenced. 
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Rritive  electrode 
(active 
material 
nature) 

Pulse  mode. 
Beamcfcimeter 
fD=l  c  ml 

Total 

charged 

capacity 

Longitudinal 

kinetics 

I(mA) 

t(ms) 

mAh/g 

Type  1 
LiNi^COiCb 

10 

300 

180 

0.68-0.74  cm/s 
Strong 
reaction. 

Type  2 
LiCo02 

10 

500 

155 

0.34  cm/s 
Localized 
reaction. 

Type  3 

LiNi1.x.vCoxAlv02 

10 

300 

180 

0.58  cm/s 
Partial 

self-propagation. 

Type  4 

LiNi].x.¥CoxAlv02 

10 

300 

190 

0.49-0,50  cm/s 
Partial 

self-propagation. 

Type  5 

New  mixed  oxide 

10 

1000 

170 

0.52-0.55  cm/s 
Auto¬ 
inhibition. 

Table  I 


Positive  electrodes  reactivity ;  propagation  reaction  kinetics. 


Negative  electrode 
(active 
material 
nature) 

Pulse  mode. 
Beamdameter 
[D=6  mml 

Total 

charged 

capacity 

Longitudinal 

kinetics 

I(mA) 

t(ms) 

mAh/g 

Type  B 
(cabcns  nixlue) 

10 

500 

240 

0.40  cm/s 
Partial 
self-propagation. 

Type  C 
(graphite) 

10 

300 

270 

1 .20  cm/s 
Total 

sdf-prapagation. 

Table  II 


Negative  electrodes  reactivity ;  propagation  reaction  kinetics. 
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Introduction 

In  recent  years,  expectation  for  the  development 
of  electric  power  storage  devices  such  as  power  supply 
sources  for  electric  vehicles  or  for  load  leveling  has 
increasingly  been  intensified  in  recent  issues  including 
environmental  issues  such  as  air  pollution  or  global 
warming  and  seasonal  or  daytime-to-nighttime  differences 
in  electricity  demands. 

Of  them,  the  lithium  secondary  cell  featuring  its 
high  operating  voltage  and  its  high  energy  density  is 
regarded  as  the  most  promising  candidate,  and  the 
research  and  development  of  large-scale  lithium 
secondary  cells  are  now  actively  in  progress  worldwide. 

In  commercialization  for  the  above  applications, 
such  a  secondary  cell  would  require  a  high  energy  density 
and  an  extended  cycle  life  exceeding  1000  cycles,  an 
inexpensive  cell  cost  and  a  high  safety. 

LiCo02,  LiNi02  and  LiMn204  are  known  as 
cathode  materials  capable  of  discharging  at  4V  voltage 
and  LiCo02  is  most  commonly  used  as  the  cathode 
material  for  the  lithium  secondary  cell  extensively 
available  commercially.  However,  because  cobalt  is 
scarce  in  its  resource  and  expensive,  LiNi02  and  LiMn204 
can  be  promising  as  the  cathode  material  for  the  large 
lithium  secondary  cell.  Of  them,  LiMn204  in  particular  is 
rich  in  its  resource  and  excellent  in  its  thermal  stability, 
and  thus,  it  can  be  regarded  as  the  best  candidate  for  the 
cathode  material  for  the  large  lithium  secondary  cell. 

We  have  developed  a  300Wh-class  prismatic 
lithium  secondary  cell  having  an  excellent  energy  density 
and  cycle  life  by  using  LiMn204  for  the  cathode  material 
and  graphite  for  the  anode  material  and  its  features  are 
presented  in  this  paper. 

Experiment 

The  cathode  was  fabricated  using  lithium 
manganese  as  the  cathode  material,  acetylene  black  as  the 
conductive  additive  and  PVdF  as  the  binder.  The  anode 
was  fabricated  using  graphite  as  the  anode  material  and 
PVdF  as  the  binder.  Porous  polypropylene  films  were 
used  as  the  separator  and  1  mol/1  LiPF6  /  ethylene 
carbonate  (EC)  +  dimethyl  carbonate  (DMC)  (1:2)  was 
used  as  electrolyte.  The  cell  size  was  116mm  in  width, 
175mm  in  height  and  66.5mm  in  depth,  and  its  weight 
was  2.64kg. 

Charge  /  discharge  cycle  test  was  carried  out  at 
the  C/8  rate,  partial  load  operation  of  D.O.D.70%,  and  the 
capacity  was  confirmed  every  50  cycles  to  calculate  the 
deterioration  rate. 

Results 

Fig.  1  shows  the  discharge  characteristics  of 
300Wh-class  cell.  Capacity  of  77Ah  and  average 
discharge  voltage  of  3.9V  were  obtained.  Specific  energy 
and  Energy  density  was  114Wh/kg  and  222Wh/l 
respectively  (Table  1). 

Fig.  2  shows  the  charge-discharge  cycling 
efficiency  of  300Wh-class  cell.  Cycling  efficiency 
showed  good  stability  throughout  the  cycling  test. 


Charge/discharge  cycle  test  is  still  continuing,  showing 
that  over  70%  of  the  initial  capacity  have  been  maintained 
after  500  cycles  testing. 


Table  1 .  Feature  of  300Wh-class  prismatic  cell 


Cathode 

Anode 

Electrolyte 

LiMn204 

Graphite 

LiPFfi  /  EC+DMC(  1 :2) 

Dimension 

mm 

116wxl75Hx66.5° 

Weight 

kg 

2.64 

Volume 

1.35 

Average  voltage 

V 

3.9 

Capacity 

Ah 

77 

Energy 

Wh 

300 

Specific  Energy 

Wh/kg 

114 

Energy  density 

Wh/1 

222 

Fig.  1  Discharge  characteristics  of  300Wh-class 
prismatic  cell 


Cycle  number  [cycle] 

Fig.  2  Charge-discharge  cycling  efficiency  of 
300Wh-class  prismatic  cell 
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This  report  is  a  continuation  and  development 
of  the  results  presented  previously  concerning  the 
development  of  a  high-energy  lithium  battery  based 
on  Li-FeS2  system  operational  at  room  temperature. 
Lithium  system  based  on  pyrite  has  well  shown 
itself  in  primary  cells.  It  has  some  significant 
advantages:  high  weight  specific  characteristics 
peculiar  to  sulfide  systems,  conditioned  by  a  high 
density  of  pyrite,  low  self-discharge  at  a  storage  and 
during  interruptions,  environtmentally  friendly 
cathode  materials.  Application  of  polymer 
electrolyte  based  on  chlorinated  polyvinyl  chloride 
and  nanostructured  FeS2  ,  prepared  by  a  special 
method  has  permitted  to  produce  a  high  efficient 
electrochemical  system  having  reversible 
cycleability  at  room  temperature. 

In  this  work  the  investigation  results  of  the 
synthesis  conditions  of  iron  disulfide  influenced 
upon  its  structural  and  macrostructural 
characteristics  are  presented.  As  a  consequence  ,  the 
synthesis  conditions  of  iron  disulfide  affect  the 
efficiency  of  electrochemical  redox  processes  in 
liquid  and  polymer  electrolytes.  Characteristics  of 
natural  pyrite,  nanostructural  FeS2  and  thermal 
sprayed  films  of  FeS2  were  compared.  The  diffusion 
coefficients  of  lithium  ions  in  a  solid  phase  of 
different  samples  of  iron  disulfide  have  been 
measured.  The  characteristic  properties  of  the 
kinetics  of  electrochemical  processes  on 
nanostructured  materials  have  been  studied. 

The  modifacation  methods  of  polymer 
electrolyte  aimed  to  increasing  its  conductivity  at 
room  and  low  temperatures  have  been  developed. 
The  influence  of  the  amorphization  degree  of  an 
initial  polymer  structure  has  been  shown.  The  ways 
for  controlling  the  amorphization  degree  of  initial 
polymer  and  polymer  electrolyte  as  a  whole  have 
been  developed.  Thermal  stability  of  the  system 
pyrite-polymer  electrolyte  has  been  studied. 
Additives  to  polymer  electrolyte  increasing  the 
stability  of  Li-FeS2  system  have  been  substantiated 
and  synthesized. 

In  the  figures  presented  the  cycling 
galvanostatic  characteristics  of  the  actual  samples  of 


disk  lithium  cells  (size  2325)  Li-FeS2  with  liquid  and 
polymer  electrolytes  have  been  compared.  It  is  clear, 
that  with  the  use  of  nanosrtuctured  pyrite 
synthesized  by  a  special  method  and  the  polymer 
electrolyte  based  on  modified  chlorinated  polyvinyl 
chloride  the  system  Li-FeS2  is  cycling  reversibly  at 
room  temperature  with  a  high  efficiency. 

The  performed  developments,  investigations 
and  test  show  the  prospects  of  the  new  type  of  high- 
energy  lithium  secondary  battery,  operational  at 
room  temperature. 

The  elaborations  continue  in  the  direction  of 
increasing  the  utilization  factor  of  pyrite  at  cycling. 
The  results  obtained  are  used  for  the  optimization  of 
the  synthesis  conditions  of  cathode  material,  cathode 
macrostructure,  the  composition  of  polymer 
electrolyte,  stabilizing  additives,  production 
technology  of  lithium  cells  and  cycling  conditions. 
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Lithium-sulphur  dioxide  portable  batteries 
(Li/S02,  nominal  cell  OCV  3.0V)  have  been  in 
extensive  use  with  the  Canadian  Forces,  and  with 
the  military  of  many  other  countries,  for 
approximately  15  years.  This  medium-rate,  non- 
rechargeable  system  is  used  in  communications 
equipment  and  high-tech  portable  gadgets,  such 
as  a  mass  spectrograph  for  detecting  poisonous 
gases  in  the  battlefield.  In  recent  years,  there  has 
been  increased  use  of  rechargeable  batteries,  for 
economic  and  environmental  reasons.  However, 
the  available  rechargeable  batteries  cannot  match 
the  low  temperature  performance  of  Li/S02, 
which  has  good  performance  at  -40°C  and 
acceptable  performance  at  -50°C  for  lower  rate 
applications.  Because  Canada  has  a  cold 
climate,  good  performance  at  -40°C  is  an 
imperative.  Alternative,  safe,  spirally  wound 
primary  couples,  such  as  Li/Mn02,  do  not 
support  as  high  currents. 

Li/SC>2  is  perceived  as  dangerous  by  some 
people,  because  the  steel  can  is  pressurised  and 
S02  is  toxic.  However,  in  service,  very  few 
incidents  occur  and  many  of  these  can  be 
attributed  to  misuse  (such  as  charging). 
Nevertheless,  cells  do  infrequently  vent  violently 
(explode)  during  use  and  it  is  important  to  try 
and  identify  the  mechanism,  because  the  safety 
of  personnel  in  involved.  Usually,  though,  the 
evidence  is  destroyed  during  the  explosion. 

There  has  been  an  increased  incidence  of 
violent  ventings  since  batteries,  such  as  the 
BA5590  (15/30V,  two  5-cell  strings  of  D-size 
cells)  and  BA5800  (6V,  two  D-size  cells),  were 
fitted  with  a  complete  discharge  device  (CDD). 
The  CDD  is  used  to  eliminate  all  of  the  metallic 
lithium  from  the  cell  by  using  a  very  low  rate 
discharge.  Although  this  device  makes  the 
batteries  safe  from  the  point  of  view  of 
hazardous  waste,  a  problematic  cell  may  make 
the  battery  hazardous  for  the  CDD  user.  This  is 
likely  during  the  early  stages  of  the  complete 
discharge,  when  there  is  sufficient  energy  in  all 


of  the  cells  to  melt  lithium  in  the  event  of  an 
internal  short  circuit. 

Results  will  be  presented  from  the  autopsy 
of  a  BA5590  battery  that  had  exploded  whilst 
undergoing  complete  discharge.  It  was 
discovered  that  lithium  metal  had  been  deposited 
in  the  area  of  the  glass-to-metal  seal.  Complete 
discharging  of  other  batteries  has  been  carried 
out  in  order  to  determine  whether  BA5590 
batteries  generally  pose  a  hazard  during  the  early 
stages  of  complete  discharging. 

Another  problem  with  Li/S02  batteries  is 
voltage  delay  at  low  temperatures.  In  fact, 
voltage  delay  is  also  a  problem  with  other 
lithium  couples,  to  a  greater  or  lesser  extent.  In 
lithium  metal-based  couples,  voltage  delay  is 
caused  by  the  passivating  layer  on  the  Li,  whilst 
for  lithium-ion  systems,  it  is  the  passive  film  on 
the  carbon  anode.  Voltage  delay  can  be 
particularly  a  problem  when  multi-cell  strings 
are  being  discharged  in  parallel.  In  this  case,  the 
passivating  layer  on  the  lithium  electrodes  of  the 
cells  in  one  string  may  break  down  before  those 
in  another  string,  resulting  in  unevenly 
distributed  currents.  This  could  result  in  the 
electrical  fuse  for  that  string  being  blown,  but 
certainly  a  big  loss  in  discharge  time,  especially 
for  higher  rates. 

Several  communications  radios  use  two 
BA5590  batteries  in  parallel,  being  operated  at 
either  15V  or  30V.  Consequently,  studies  have 
been  made  on  a  variety  of  combinations  of  two 
BA5590  batteries  of  various  dates  -of- 
manufacture,  using  four  parallel  strings  of  15V. 
The  data  showed  that  it  is  important  to  use 
matched  batteries  in  parallel,  from  the  point  of 
view  of  efficient  discharging,  although  no  safety 
-related  problems  were  encountered. 
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INTRODUCTION 

Recent  global  environmental  problems  require 
rapid  progress  of  high  performance  solar  cells  as  a  clean 
energy  source.  A  dye-sensitized  solar  cell  is  one  of  the 
most  promising  ones,  since  the  photovoltaic  system  is 
quite  simple.  In  order  to  produce  the  cell  in  a  practical 
use,  an  industrial  new  electrode  production  technique 
should  be  developed.  We  adopt  the  spray  pyrolysis 
deposition  (SPD)  technique  that  we  have  developed,  since 
the  technique  is  applicable  to  the  electrode  manufacture 
on  a  large  scale. 

EXPERIMENTAL 

The  schematic  representation  of  the  SPD 
apparatus  is  shown  in  Fig.l.  Ti02  films  were  synthesized 
from  0.1  M  of  (CH3COCHCOCH3)2TiO  2-butanol 
solution  with  0.1%  of  (CH3COCHCOCH3)3Al  or  H2PtCl6 
•6H20.  The  procedure  in  producing  both  transparent  F- 
doped  Sn02  film  and  Ti02  layer  on  glass  substrates  is 
described  elsewhcre[l-3].  The  electrodes  were  then 
produced  within  a  few  hours  by  this  technique.  The 
crystal  structure  and  the  surface  morphology  of  films 
were  observed  by  XRD  and  SEM,  respectively.  The  cell 
was  fabricated  utilizing  dye-adsorbed  Ti02  layer  on  the 
transparent  F-doped  Sn02  film  as  a  working  electrode, 
platinum  coated  glass  as  a  counter  electrode,  and 
(C3H7)2NI/I2  in  ethylene  carbonate/propylene  carbonate 
solution  as  an  electrolyte. 

RESULTS  AND  DISCUSSION 

The  XRD  patterns  of  the  obtained  film  showed 
anatasc  Ti02  single  phase  at  the  substrate  temperature 
above  450°C.  The  SEM  images  of  the  surface 
morphology  of  the  films  are  shown  in  Fig.2.  The  film 
from  the  solution  without  any  additives  was  consisted  of  a 
few  hundreds  of  nanometer-sized  particles  due  to  the 
aggregation.  On  the  other  hand,  the  films  from  the 
solution  with  (CH3COCHCOCH3)3Al  or  H2PtCl6-6H20  as 
additives  were  both  consisted  of  needles  of  approximately 
100  nm  in  length  and  10  nm  in  width.  The  average 
transmittance  of  a  typical  film  with  the  thickness  of  10 
pm  was  approximately  40%  in  the  visible  light  region. 

The  current-voltage  characteristic  measurements 
of  cells  were  done  under  AM- 1.5  and  100  mW/cm2 
illumination.  The  light  to  current  conversion  efficiency 
was  enhanced  as  high  as  2.0%  by  adding  a  small  amount 
of  (CH3COCHCOCH3)3Al  in  the  electrode  due  to  the 
increase  of  the  surface  area  of  Ti02  layer.  Although  the 
surface  area  was  increased  and  then  the  short  circuit 
current  was  enhanced  by  adding  H2PtCl6-6H20,  the 
efficiency  was  as  low  as  0.5%  due  to  the  low  fill  factor 
and  low  open  circuit  voltage.  Further  improvement  of  the 
electrode  is  necessary  to  achieve  the  higher  conversion 
efficiency  for  a  practical  use. 
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Fig.l  Schematic  representation  of  the  SPD  apparatus. 
The  film  fabrication  conditions  are  1 .25  ml/sx0.5  sx70  at 
the  substrate  temperature  of  510°C  and  1.0  ml/sx0.5 
sx500~1000  at  450-500°C  for  transparent  F-doped  Sn02 
and  Ti02,  respectively. 


Fig.2  SEM  images  of  the  surface  morphology  of  Ti02 
films  deposited  at  the  substrate  temperature  of  500°C  with 
compressed  air  from  0.1  M  of  (CH3COCHCOCH3)2TiO 
2-butanol  solution  with  (a)no  additives  and  with  (b)0.1% 
of  (CH3COCHCOCH3)3Al. 


Fig.3  Typical  current-voltage  characteristics  of  the  dye- 
sensitized  solar  cells  with  various  electrodes  fabricated  by 
the  SPD  technique.  The  measurement  was  carried  out 
under  AM- 1.5  and  100  mW/cm2  illumination. 
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INTRODUCTION 

Spinel  lithium  manganese  oxide  (LiMn204)  is 
known  as  one  of  the  promising  cathode  material  for 
lithium  secondary  battery.  But,  this  material  has  some 
problems  concerning  capacity  and  electrochemical 
stability  at  high  temperature.  Many  works  about  this 
material  have  focused  on  the  improvement  of  cycling 
performance  of  battery  at  high  temperature.  These  results 
mentioned  an  effectiveness  of  Mn  replacement  with  other 
element  like  Li,  Cr,  Co,  and  the  tike,  on  the  cycling 
performances  [1,2].  However,  in  storage  test  of  battery 
using  spinel  lithium  manganese  oxide  as  the  cathode  and 
graphite  as  the  anode  at  60°C,  we  could  not  find  the  effect 
of  replacement  because  large  amount  of  gases  were 
generated  after  storage.  In  order  to  improve  a  storage 
characteristics  of  lithium  manganese  oxide,  mixed  active 
materials  of  it  with  lithium  cobalt  oxide  (LiCo02)  and 
lithium  nickel  oxide  (LiNi02)  were  investigated  [3]. 

EXPERIMENTAL 

As  the  cathode  active  materials,  spinel 
manganese  oxides,  LiMn2.xM*04  (M=Li,  Mg  and  Al), 
were  used.  LiCo02  and  LiNi0.8Coo.202  also  used  by 
mixing  with  LiMn2.*Mx04.  The  slurry  of  these  active 
materials  mixed  with  carbon  black  and  PVdF  was  coated 
on  aluminum  foil  as  the  cathode  sheet.  Graphite  coated  on 
copper  foil  was  used  as  the  anode  and  1M  LiPF6  EC/DEC 
(3/7)  was  used  as  electrolyte.  Aluminum  laminated  film 
was  used  as  battery  case  and  test  batteries  with  capacity  of 
about  500mAh  were  constructed.  The  cell  size  was  about 
4t  x  40w  x  80h  (mm).  Charge-discharge  test  was  carried 
out  at  the  current  of  500mA  between  4.2V  and  3.0V. 
Storage  condition  was  20  days  at  60°C  after  charging  or 
discharging. 

RESULTS  AND  DISCUSSION 

Table  1  shows  the  storage  characteristics  of  the 
batteries  using  LiMn2.xMx04  (M=Li,  Mg  and  Al)  as  the 
cathode  active  materials.  Rather  large  increase  of  battery 
thickness  was  observed  in  storing  both  after  charging  and 
discharging.  This  trend  was  not  so  affected  by  the 
composition  of  manganese  oxides.  It  was  thought  that 
increase  of  thickness  was  caused  by  generation  of  gaseous 
products  due  to  a  decomposition  of  electrolyte.  Although 
a  large  swelling  more  than  30%  was  observed  after 
storage  at  discharged  state,  capacity  deterioration  was 
smaller  than  that  at  charged  state,  so  it  seemed  that 
deterioration  of  active  material  itself  was  not  so  hard  in 
this  case. 

We  thought  that  remarkable  swelling  of  the 
battery  in  storing  after  discharge  using  lithium  manganese 
oxide  was  induced  by  instability  of  crystal  structure  of 
lithium  manganese  oxide,  especially  at  the  end  stage  of 
discharge  [4].  To  stabilize  the  lithium  manganese  oxide 
near  cutting-off  voltage,  we  examined  about  mixed  active 
materials  of  lithium  manganese  oxide  with  lithium  cobalt 
oxide  or  lithium  nickel  oxide.  It  was  expected  that  mixing 


with  lithium  cobalt  oxide  or  lithium  nickel  prevented 
lithium  manganese  oxide  from  radical  decrease  of  the 
cathode  potential  because  discharge  potential  of  lithium 
cobalt  oxide  and  lithium  nickel  oxide  are  lower  than  that 
of  lithium  manganese  oxide.  Particularly,  lithium 
manganese  oxide  mixed  with  lithium  cobalt  oxide  showed 
good  storage  characteristics  and  cycling  performance 
(Fig.l)  even  if  at  608C.  More  detail  results  concerning  an 
influence  of  lithium  cobalt  oxide  on  high  temperature 
characteristics  of  battery  will  be  reported. 
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Table  1  Storage  characteristics  of  lithium  ion  batteries 
using  LiMn2.xMx04  (M=Li,  Mg  and  Al)  as  the  cathode 
for  20  days  at  60°C,  which  stored  at  (a)charged  state 
and  (b)discharged  state  ((Li+M)/Mn=0.59,  0.66  and 
0.57,  respectively). 


(a)  Charged  state  (4.2V  cut  off) 


M 

Li 

Mg 

Al 

Rate  of  swelling  (%) 

17 

17 

17 

Rate  of  capacity  (%) 
residual  /  retention 

63/72 

65/73 

66/76 

(b)  Discharged  state  (3.0V  cut  off) 

M 

Li 

Mg 

Al 

Rate  of  swelling  (%) 

32 

30 

31 

Rate  of  retention 
capacity  (%) 

92 

93 

93 

•each  rate  means  the  relative  value  to  the  initial  value 


0  50  100  150  200  250  300 

Cycle  number 

Fig.l  Cycle  performance  of  lithium  ion  batteries  using 
spinel  lithium  manganese  oxide  and  its  mixture  with 
lithium  cobalt  oxide  or  lithium  nickel  oxide  as  the 
cathode  at  60°C. 


Abstract  No.  345 


Li-Ion  Cells  using  a  New  High 
Capacity  Cathode 


Y.  Grincourt,  C.  Storey,  I.  J.  Davidson,  P.S. 

Whitfield,  I.  Kargina,  &  H.  Slegr 

Institute  for  Chemical  Process  and  Environmental 

Technology,  National  Research  Council, 

Ottawa,  Ontario,  K1A  OR6,  Canada 

ABSTRACT 

There  is  a  continuing  demand  for  new  alternative 
intercalation  compounds  suitable  for  use  as  positive 
electrodes  in  lithium  ion  batteries.  Such  compounds 
must  combine  large  charge  storage  capacity,  good 
reversibility  at  high  to  moderate  current  densities, 
low  cost,  a  high  degree  of  safety  and  absence  of 
toxicity.  Usually,  an  operating  voltage  near  3.5  V  is 
desirable.  The  structure  of  the  cathode  material 
should  remain  stable  while  cycling.  Recently,  we 
have  succeeded  in  preparing  a  series  of  new  cathode 
materials  displaying  competitive  capacities  with 
reasonably  good  cycling  stability  at  moderate  current 
densities  (1).  These  materials  appear  to  be  possible 
alternatives  to  LiCo02,  LiMn204  and  LiNi08Coo  202 
for  lithium  ion  cell  cathodes.  This  paper  will  discuss 
the  electrochemical  characterization  of  these  new 
compounds  in  lithium-ion  and  lithium  half-cells 
under  a  range  of  operating  conditions. 


Fig.  1  Capacity  retention  plots  of  MCMB  25-28 
and  new  cathode  material  versus  Li  at  10  mA/g. 


As  a  first  step,  the  materials  were  evaluated  in  coin 
cells  (2325  format)  with  lithium  metal  anodes.  As 
shown  in  figures  1  and  2,  capacities  between  200  and 
140  mAh/g  were  obtained  at  current  densities  of  10 
and  30  mA/g,  respectively.  The  materials  were  then 
evaluated  in  lithium  ion  cells  with  carbonaceous 
anodes  based  on  materials  such  as  mesocarbon 
microbeads  (MCMB  25-28).  The  capacity  retention 
of  microbead  anodes  in  half-cells  with  metallic 
lithium  counter  electrodes  are  shown  in  figures  1  and 
2  for  cells  cycled  between  0.005  and  2  volts  at  1 0  and 
30  mA/g. 

Lithium  ion  cells  combining  the  new  cathode 
materials  with  mesocarbon  microbead  anodes  were 
assembled  in  coin  cells.  Figure  3  shows  the  voltage 
profiles  for  the  first  5  cycles  of  a  lithium  ion  cell 
containing  the  new  cathode  material.  The  cycling  of  a 
lithium  ion  cell  between  2.5  and  4.5  volts  at  current 
densities  varying  from  10  to  30  mA/g  is  shown  in 
figure  4.  The  lithium  ion  cell  demonstrated  quite 
good  reversibility  and  capacities  as  high  as  160 
mAh/g  at  low  rates.  Further  improvement  in  the 
higher  rate  performance  is  required. 
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Fig.  2  Capacity  retention  plots  of  MCMB  25-28 
and  new  cathode  material  versus  Li  at  30  mA/g. 


Fig.  3  Voltage  profiles  for  the  first  five  cycles  of  a 
Li-ion  cell,  MCMB  25-28  //  cathode,  at  10  mA/g. 


|  Cycle  number 


Fig.  4  Plot  of  capacity  retention  for  a  Li-ion  cell 
MCMB  25-28  //  cathode  at :  10,  20,  and  30  mA/g  . 
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NASA  has  successfully  used  50-Ah  nickel-cadmium 
(NiCd)  and  nickel-hydrogen  (NiH^)  batteries  for  low- 
earth-orbit  (LEO)  applications.  It  is  noteworthy  that  a 
lithium-ion  (Li-ion)  battery  of  similar  ampere-hour  size 
could  reduce  battery  weight  by  about  one-third  compared 
with  both  NiCd  and  NiH2  batteries.  Also,  in  view  of  the 
interdependence  of  temperature  and  performance,  the 
thermal  behavior  of  batteries  is  of  paramount  importance 
in  battery  design,  in-orbit  battery  management,  and 
extending  mission  life.  This  study  was  conducted  to 
determine  the  specific  thermal  capacity,  heat  generation 
rates  during  charge  and  discharge,  and  thermoneutral 
potential  of  an  aerospace-type  40-Ah  Li-ion  cell.  The  test 
cell  was  a  hermetically  sealed  cylindrical  cell  of  254  mm 
length  and  54  mm  diameter,  consisting  of  a  welded 
stainless  steel  container  with  a  glass-to-metal  seal  for  the 
positive  terminal. 

The  cell  was  first  characterized  for  capacity  and  self¬ 
discharge.  It  yielded  a  capacity  of  33.4  Ah  at  25°C,  with  a 
mid-discharge  potential  of  3.54  V  when  discharged  at 
C  rate.  A  radiative  calorimeter  was  used  to  determine  the 
specific  thermal  capacity  and  rate  of  heat  dissipation 
during  charge  and  discharge  (1).  The  specific  thermal 
capacity  was  1,231  J/°C. 

At  C  rate  of  discharge,  the  average  heat  dissipated  was 
8  W,  and  the  maximum  at  the  end  of  discharge  at  2.75  V 
was  17.7  W.  A  plot  relating  the  rate  of  heat  dissipation  to 
the  state  of  charge  during  discharge  at  40-,  20-,  and  8-A 
rates  exhibited  waviness,  as  shown  in  Figure  l.The  heat 
dissipation  rate  increased  rapidly  toward  the  end  of 
discharge,  and  the  increase  was  very  large  at  the  C  rate  of 
discharge.  (The  expected  behavior  was  a  gradual  increase 
in  the  heat  rate  as  discharge  continued,  followed  by  a 
rapid  rise  toward  the  end  of  discharge.)  Waviness  in  the 
heat  dissipation  profile  has  also  been  reported  by  Hong 
et  al.  (2),  and  appears  to  be  related  to  the  changes  in 
enthalpy  of  the  cathode  active  material. 

The  average  heat  dissipated  during  constant-voltage 
charge  at  4  V,  with  an  initial  current  of  20  A  and  tapered 
current  of  0.1  A,  was  lower  than  that  obtained  during 
constant-current  charge  at  20  A  to  4  V,  as  presented  in 
Table  1.  Heat  dissipation  rates  at  various  rates  of  charge 
and  discharge  are  also  recorded  in  the  table.  A  notable 
feature  of  the  heat  rate  profile  obtained  during  charge  was 
the  absence  of  the  initial  spike  that  is  generally 
attributable  to  the  decomposition  of  the  electrolyte  (3). 


The  reactions  at  the  cathode  are  believed  to  be  more 
significant  than  those  at  the  anode  with  regard  to  heat 
dissipation.  The  thermoneutral  potential  was  found  to 
vary  with  the  state  of  charge,  and  an  average  value  of 
3.67  V  was  obtained. 
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Figure  1.  Heat  Dissipation  Rates  at  Various 
Rates  of  Discharge 


Table  1.  Heat  Dissipation  Data 


Item 

Max.  Heat 
Rate 
(W) 

Average 

Heat 

(W) 

Charge 

C/5  (8  A)  at  0°C 

1.98 

1.41 

C/5  at  10°C 

2.07 

1.27 

C/5  at  25°C 

1.744 

1.214 

4  V  Const.  Max  20  A 

4.82 

2.42 

15  A  at  25°C 

3.39 

2.42 

C/2  (20  A)  at  25  °C 

4.981 

3.51 

Discharge 

C/5  (8  A)  at  0°C 

6.01 

1.22 

C/5  at  10°C 

4.31 

0.99 

C/5  at  25°C 

3.96 

0.99 

C/2  (20  A)  at  25  °C 

10.07 

2.67 

C/2  (20  A)  after  4  V  Chg 

8.81 

2.64 

C  (40  A)  at  25  °C 

17.70 

7.99 
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Overview  of  ENEA's  Projects  on  lithium  batteries 
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Since  mid-80's  ENEA,  the  Italian  National  Agency  for 
New  Technology,  Energy  and  the  Environment  has  been 
promoting  research  and  development  (R&D)  programs  on 
innovative  and  advanced  batteries  with  improved 
performances  (specific  power  and  energy,  cyclability,  low 
maintenance  and  environmental  impacts)  and  costs. 
According  to  its  institutional  role,  ENEA  has  been 
working  with  research  institutions  and  industries  through 
cost-shared  contracts,  also  on  behalf  of  Ministries.  At 
beginning  of  1 990's  a  research-oriented  exploratory 
program  was  concluded,  during  which  various  batteries 
were  analyzed  and  some  proprietary  results  were 
obtained,  particularly  on  innovative  designs  of  lead-acid 
batteries  and  on  novel  polymer  electrolyte  with  ceramic 
additives  for  lithium-metal  batteries.  Based  on  those 
interesting  results  and  thanks  to  Program  Agreements 
with  some  Ministries,  new  activities  on  lithium  batteries 
were  defined  and  started.  This  paper  gives  an  overview  of 
the  major  achievements  of  the  recently  concluded  ALPE 
Project  and  two  recently  started  MURST  projects. 

The  ALPE  Project.  In  the  framework  of  a  Program 
Agreement  with  the  Ministry  of  Industry,  ENEA  started 
in  1994  the  first  national  integrated  project  on  lithium- 
metal  batteries  with  polymeric  components.  The  project, 
named  ALPE  (Accumulated  al  Litio  Per  Elettrotrazione), 
involved,  along  with  ENEA,  two  scientifically  advanced 
Universities  (Bologna  and  Rome)  and  an  industry 
(Arcotronics  Italia),  leader  in  equipment  production.  The 
goal  of  the  first  phase  of  ALPE  Project,  completed  in 
1999,  has  been  the  R&D  of  innovative  materials  and 
processes  for  lithium-metal  batteries  aimed  at  electric 
vehicle  applications.  The  technical  objectives  of  this 
phase  of  the  project  have  been  of  precompetitive  nature: 
good  energy  performance,  acceptable  cyclability,  limited 
self-discharge,  low-cost  and  environmentally  benign 
materials  and  processes  (1).  The  construction  of  planar 
cells  and  small-scale  modules  (of  about  1  kWh)  have  been 
then  used  to  verify  the  technologies  and  the  concepts. 
Figure  1  shows  the  structure  and  the  roles  of  the 
participants.  The  cell  is  basically  composed  by  a  lithium- 
metal  anode  on  a  copper  current  collector,  a  polymer 
electrolyte  (including  a  lithium  salt,  PEO  and  ceramic 
fillers)  and  a  composite  cathode  (mainly  made  of 
manganese-based  insertion  compounds)  on  an  aluminum 
current  collector.  The  cell  works  at  a  temperature  of  about 
90  °C.  Various  classes  of  electrolytes  and  cathode 
materials  have  been  investigated  and  developed  with  the 
main  scope  to  have  solvent-free  processes  and  high 
performances.  The  final  cell  design  is  of  double-anode 
type:  a  cathode  is  inserted  between  two  anodes  and 
separated  by  polymer  electrolytes.  The  built  pilot  line 
starts  from  an  extrusion  phase  for  both  cathodic  and 
electrolytic  films,  a  calendering  and  then  a  lamination 
phase.  Furthermore,  a  large  dry  room  has  been  built  at 
ENEA  Casaccia  Research  Center.  A  stack  of  10  unit  cells 
is  then  assembled  by  parallel  connection  with  ultrasonic 
welding.  A  final  "softpack"  is  then  produced  inserting  the 
stack  in  a  soft  envelope  thermally  welded  (2).  Chief 
achievements  of  the  project  are:  a  good  selection  of 
solvent-free  electrolytes  with  ionic  conductivity 
interesting  also  for  lithium-ion  batteries;  an  optimal 
behavior  of  the  anode-  polymer  electrolyte  interface  with 


an  efficiency  of  lithium  insertion  and  stripping  exceeding 
sometimes  98%  (3);  an  easy-to-built  design  with  limited 
environmental  impact  during  production  and  use;  a 
flexible  pilot  line  for  small  scale  production  of  cells  and 
"softpack.  Some  technical  barriers  still  remain  to  be 
overcome:  cathode  capacity  fading  with  limited 
cyclability,  engineering  of  the  module  to  control  and 
manage  thermal  and  safety  aspects. 


Figure  1 .  ALPE  Project  structure  and  main  R&D  tasks. 


MURST  Projects.  Two  new  product-oriented  projects 
on  lithium  batteries  have  been  defined  in  1998  and 
officially  started  in  September  1999.  Both  projects  are 
partially  funded  by  the  Ministry  of  Research  and  are 
regulated  by  a  Program  Agreement  between  such 
Ministry  and  ENEA.  These  projects  arc  aimed  to 
stimulate  the  collaboration  between  public  research 
organizations  and  private  institutions  in  order  to  favor  the 
fast  introduction  of  high-risk  technologies.  The  first 
project  is  named  "Rechargeable  lithium  batteries  with 
polymeric  components  for  consumer  products"  and  is 
aimed  at  developing  plastic-like  polymer  electrolyte 
lithium-ion  (PLI)  batteries  in  planar  configurations.  The 
technical  objectives  of  the  project  are  to  research  and 
develop  pre-industrial  prototypes  with  more  than  1 10 
Wh/kg  (250  Wh/L)  at  about  4  V  and  a  cycle  life  in  excess 
of  500  cycles.  Apart  from  ENEA,  12  public  and  private 
organizations  are  involved  in  the  projects,  combining 
large  experience  in  lithium  battery  electrochemistry, 
materials  development,  thin  film  preparation  with  a 
variety  of  processes,  and  cell  design  and  construction. 

The  second  project,  called  "Lithium  Batteries  with 
polymeric  components  for  road  electric  vehicles", 
corresponds  to  the  second  phase  of  the  ALPE  project.  In 
fact,  the  polymer  lithium  metal  system  will  be  further 
improved  in  terms  of  performances  and  usability.  The 
goal  is  to  improve  specific  performances  of  the  systems  of 
more  than  20%  with  respect  to  the  first  phase  and  then  to 
optimize  the  module  technology  introducing  thermal  and 
safety  management  systems  in  a  fully  monitored  case. 
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INTRODUCTION: 

The  use  of  thermally  instable  solid  materials  is  a  major 
problem  for  densification  using  elevated  temperatures 
since  reactions  and  undesired  particle  coarsening  may 
occur.  However,  another  way  of  increasing  the  density  of 
these  solids  without  a  substantial  temperature  increase  is 
by  using  high  pressure  pulses,  also  referred  to  as  dynamic 
compaction.  The  high  pressure  pulses  can  be  generated  by 
using  explosives  or  magnetic  pulses.  Here  we  focus  on  the 
use  of  explosive  compaction  resulting  in  high  densities 
and  improved  material  properties. 

EXPERIMENTAL: 

The  ceramic  electrolyte  Li-doped  BP04  [1,2]  as  well  as 
the  cathode  material  LiMn204  were  compacted  by  using 
explosives.  The  Li-doped  BP04  is  a  nano-structured 
powder  material  with  a  primary  particle  size  of  about  25 
nm.  The  use  of  elevated  temperatures  (>300°C)  result  in 
massive  grain  growth  causing  a  huge  decrease  of  the  total 
ionic  conductivity.  The  materials  were  compacted  by 
using  an  uniaxial  setup.  The  explosives  were  placed  on 
top  of  a  dye  filled  with  the  to  be  compacted  powder.  The 
powders  were  pre-pressed  in  the  dye.  The  generated 
pressure  has  been  increased  by  increasing  the  explosive’s 
density.  Fig.  1  shows  the  pressure  acting  on  the  to  be 
compacted  powder.  Pressures  up  to  50  GPa  and  a  pulse 
duration  of  a  few  microseconds  have  been  achieved. 

RESULTS: 

The  relative  densities  of  the  Li-doped  BP04  and  LiMn204 
powders  were  determined  as  a  function  of  the  applied 
pressure  (Figs.  2  and  3).  A  maximum  density  of  86.6% 
has  been  found  at  a  pressure  30  GPa  for  the  Li-doped 
BP04,  while  a  density  of  even  93.4%  has  been  measured 
for  the  LiMn204.  The  compacted  materials  were  not 
subjected  to  a  heat-treatment  after  compaction. 

From  previous  work  [3]  it  is  known  that  the  ionic 
conductivity  of  the  Li-doped  BP04  material  increases  with 
up  to  three  orders  of  magnitude  when  using  explosive 
compaction  instead  of  hot  pressing  due  to  the  absence  of 
grain  growth.  An  increased  electronic  conductivity  has 
been  measured  for  explosively  compacted  LiMn204. 

In  this  paper  the  specific  capacity,  electronic  and  ionic 
conductivity  of  LiMn204  will  be  reported  as  a  function  of 
the  compaction  pressure.  The  ionic  conductivity  of  Li- 
doped  BP04  as  a  function  of  the  applied  pressure  will  be 
reported  as  well. 
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Figure  1 :  Pressure  as  a  function  of  the  explosive  density. 


Figure  2:  Final  relative  density  of  Li-doped  BP04  as  a 
function  of  pressure  (squares=open  setup,  circles=closed 
setup). 


Figure  3:  Final  relative  density  of  LiMn204  as  a  function 
of  pressure  (squares=open  setup,  circles=c!osed  setup). 
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In  the  manufacturing  process  of  a  Li-ion 
cell,  the  choice  of  the  polymer  used  to  bind  the 
active  materials  at  the  anode  and  cathode  is  of 
critical  importance  for  the  final  performance  of 
the  battery.  Amid  all  kinds  of  polymers, 
polyvinylidene  fluoride  (PVDF)  is  now  widely 
accepted  as  a  material  of  choice  for  this  purpose 
given  its  excellent  chemical,  thermal  and 
electrochemical  stability  as  well  as  its  ease  of 
processing. 

Among  the  key  properties  of  a  binder,  it 
must  1-  have  a  good  solubility  in  solvents  that 
can  be  handled  industrially  (acetone,  NMP 
etc...),  2-  show  enough  adhesion  to  the  metallic 
collector  in  order  to  prevent  delamination 
phenomena  during  the  charge  and  discharge 
cycles  of  the  battery,  3-  bring  enough  cohesion 
between  active  material  particles  (graphite  or 
lithium  metal  salts)  so  that  the  electrode  can  be 
handled  without  occurrence  of  cracking  4-  show 
a  good  initial  efficiency  at  first  cycle  and  be 
stable  during  the  charge  and  discharge  cycles  of 
the  battery. 

In  the  first  part  of  this  presentation,  we 
show  how  such  key  properties  are  controlled  by 
the  intrinsic  parameters  of  the  PVDF  polymer 
like  molecular  weight,  crystallinity  or  chemical 
functionality.  As  an  example,  the  dissolution 
behavior  is  essentially  governed  by  the  amount 
of  crystallinity  of  the  polymer  (in  other  terms,  by 
its  melting  point)  whereas  adhesion  or  cohesion 
forces  are  mainly  governed  by  the  molecular 
weight  and  the  chemical  functionality.  Such 
intrinsic  parameters  can  be  adjusted  during  the 
polymerization  process,  e.g.  the  chain  length  can 
be  varied,  comonomers  like  hexafluoropropene 
can  be  added  in  various  ways  and  eventually 
some  monomers  can  be  functionalized  with  polar 
groups.  As  the  world  leader  PVDF  manufacturer, 
Elf  Atochem  has  developed  a  wide  range  of 
PVDF  resins  that  can  answer  the  various  needs 
of  battery  manufacturers. 

In  the  second  part  of  this  presentation,  we 
introduce  a  new  binder  which  is  specifically 
designed  for  Li-ion  batteries,  a  high  molecular 


weight  PVDF  homopolymer  functionalized  in  a 
small  amount  with  polar  groups.  When  used  in 
an  anode  or  a  cathode,  this  binder  leads  to  higher 
adhesion  and  cohesion  forces  compared  to 
competitive  binders.  As  a  consequence,  the 
binder  content  can  be  lowered  in  order  to  obtain 
a  satisfactory  electrode.  Aging  effects  in 
carbonates  will  be  discussed  and  eventually  the 
cycling  performance  of  this  new  polymer  will  be 
analyzed. 
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Introduction 

The  use  of  lithium  secondary  batteries  has 
rapidly  increased  in  recent  years  for  portable 
telecommunication  devices.  To  meet  the  requirements  of 
these  devices  lithium-ion  cells  should  have  high  capacity, 
good  rate  capability  and  good  cyclability.  Commercial 
lithium-ion  cells  consist  of  a  carbon  based  anode,  a 
lithium  metal  oxide  based  cathode,  and  a  separator  soaked 
with  an  organic  electrolyte.  There  are  numerous  studies 
regarding  the  effect  of  cell  components  on  the 
performance  of  lithium  ion  cells.  They  are  mainly  focused 
on  cathode  active  materials,  anode  active  materials,  and 
eletrolytes.  The  effect  of  separators  on  the  performance  of 
lithium  ion  cell  was  not  studied  extensively  [1], 

Separator  is  the  one  of  key  components  of 
lithium  ion  cells.  It  provides  not  only  the  separation  of 
cathode  and  anode  so  that  no  current  can  flow  between 
them  but  also  the  path  for  the  movement  of  lithium  ion 
between  cathode  and  anode.  The  inherent  properties  of 
separators  including  porosity,  pore-size  distribution, 
thickness  and  mechanical  properties  have  a  great  effect  on 
the  properties  of  lithium  ion  cells  especially  on  safety  [1]. 

The  properties  of  separator  may  be  changed  due 
to  the  deformation  caused  by  any  mechanical  forces 
applied  during  the  assembling  process  of  the  lithium  ion 
cell  and  the  pressure  build-up  inside  the  cell  during 
formation  of  SEI  layer  and  continuous  cycling.  Once  the 
separator  deformed,  the  performance  of  the  cell  will  not 
be  the  same  as  we  designed. 

In  this  work,  we  will  discuss  the  effect  of 
separator  properties  on  lithium-ion  cell  performances.  The 
different  degree  of  deformation  of  separator  was 
manipulated  and  the  performance  of  lithium  ion  cells 
including  discharge  rate  and  cycle  life  characteristics  was 
characterized. 

Experimental 

Samples  of  separators  were  selected  from 
commercial  grades.  To  simulate  the  situation  that 
separator  may  experience  the  deformation  under  the 
pressure  during  the  assembly  process  of  the  cell  and 
repeated  cycling,  the  separators  were  pressed  manually  at 
different  level  of  pressures.  Test  samples  were  prepared 
by  cutting  into  3x4  cm  size  and  pressed  with  each 
pressure  0,  97,  194,  388kg/cm2.  The  surface  properties  of 
separators  as  received  and  deformed  were  characterized 
by  scanning  electron  micrograph.  The  degree  of 
deformation  of  separator  was  determined  by  using  air 
permeability  method.  Air  permeability  was  measured 
using  apparatus  designed  in  house.  Li-ion  cell 
configurations  containing  a  graphite  anode,  a  LiCo02 
cathode,  and  a  separator  were  used  for  studying  the 
electrochemical  performance  of  the  cell.  Discharge  rate 
dependence  and  cycle  life  performances  of  the  test  cells 
were  characterised. 


Results 

Figure  1  shows  the  permeability  result  for 
separators  having  different  applied  pressures.  It  is  clearly 
shown  from  the  results  that  the  permeability  of  the 
separator  is  reduced  upon  the  increasing  the  pressure.  The 
measurement  of  porosity  and  the  pore  size  also  shows  the 
similar  trend. 

Figure  2  shows  the  cycle  life  results  of  the  test 
cells  consisted  with  various  separators  having  different 
permeabilities.  The  cycle  life  performance  of  the  test  cell 
was  deeply  dependent  on  the  permeability  of  the 
separator.  The  cycle  characteristics  of  the  test  cell  with 
less  deformed  separator  (high  permeability)  was  better 
than  that  of  the  test  cell  with  more  deformed  separator 
(low  permeability.  The  results  also  indicates  that  there  is 
certain  degree  of  allowable  deformation  of  the  given 
separator  to  have  the  same  level  of  cyclability  with 
undeformed  state. 
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Figure  1.  The  influence  of  air  permeability  by  applied 
press  on  separator  SE2 


0  4  8  12  16  20  24  28 

Cycle  Number 


Figure  2.  Cycle  life  performance  of  the  test  cells  with 
various  separators  having  different  applied  pressure. 
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Commercial  Lithium-ion  cells  have  demonstrated 
excellent  performance,  high  energy  density,  high 
reliability,  long  cycle  life  and  good  safety 
characteristics  for  a  wide  range  of  applications. 
While  commercially  available  cells  demonstrate  the 
viability,  performance  and  economic  potential  of  the 
Li-ion  technology  for  consumer  applications,  they  are 
not  suitable  for  aerospace  applications.  Aerospace 
batteries  require  very  high  reliability,  outstanding  low 
temperature  operation,  exceptionally  long  cycle  life, 
high  specific  energy  and  larger  cell  sizes.  In  addition, 
due  to  the  high  cost  and  inaccessibility  of  many  of 
the  aerospace  applications,  these  battery  systems 
must  have  designed-in  lifetime  reliability  that  far 
exceeds  industry  standards.  Yardney  Technical 
Products  has  designed  and  developed  a  lithium-ion 
cell  that  offers  a  unique  weight,  volume  and 
reliability  solution  to  these  aerospace  requirements. 

The  advanced  Li-ion  battery  system  for  the  MSP0I 
MARS  Lander  uses  a  space  efficient  and  adaptable 
parallel-plate  prismatic  cell  design.  These  cells 
deliver  a  specific  energy  of  145  Wh/kg,  energy 
density  of  325  Wh/1  and  demonstrate  high  sustained 
and  pulse  rate  capability  while  providing  superior 
low  temperature  performance  that  meets  and  exceeds 
the  demanding  MSP01  Lander  requirements.  These 
optimized  cells  have  been  configured  into  a  battery, 
shown  in  Figure  1,  that  consists  of  two  cell  stacks, 
made  of  eight  Li-ion  cells  connected  in  series, 
mounted  to  an  aluminum  deck  plate  with  wiring 
harnesses,  connectors  and  a  connector  bracket.  The 
individual  battery  stacks  are  each  28  volt  systems 
capable  of  supplying  greater  than  24  Ah  capacity  at  a 
C/5  rate  at  -20 3C  and  33Ah  capacity  at  a  C/5  rate  at 
+20°C.  The  batteries  are  designed  to  operate  in 
temperatures  ranging  from  -20°C  to  +40°C  with  non- 
operational  excursions  to  -30°C  and  +50°C.  As 
shown  in  Figure  2,  the  cells  have  been  tested  for 
performance  to  support  mission  requirements  after  a 
10  month  storage  and  cruise  period.  The  batteries 
have  also  been  designed  to  survive  the  vibration  and 
acceleration  levels  required  by  the  mission,  and  to 
maintain  a  delta  temperature  across  the  battery  or 
from  cell  to  cell  in  the  battery  stack  no  more  than 
3°C.  The  battery  design  is  scheduled  to  complete  full 
Qualification  testing  in  early  2000  and  will  be  flown 
in  2001.  This  paper  will  present  the  design 
considerations,  battery  development  and  the  results  of 
performance  and  life  testing. 


Figure  1.  MSP01  Mars  Lander  Battery. 
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Figure  2.  Voltage  profile  of  Lander  cells  during 
Entry,  Decent  and  Landing  testing  at  40°C,  20°C, 
and  0°C. 
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INTRODUCTION 

The  voltage  drop  during  initial  polarization  of  lithium- 
thionyl  chloride  cells  is  caused  by  the  high  resistance 
passive  film  formed  on  the  lithium  metal  surface  during 
reaction  of  lithium  with  thionyl  chloride  (1).  The  Niquist 
plot  of  the  lithium  electrode  in  thionyl  chloride  solution 
includes  a  semicircle  characterizing  the  passive  film  and 
the  diameter  of  this  semicircle  correlates  with  the  voltage 
drop  during  initial  polarization  of  cells  (2).  During 
storage,  the  impedance  of  thionyl  chloride  cells  as  well 
as  voltage  drop  increases  due  to  the  growth  in  thickness 
or  density  of  the  passive  film  (1,2).  The  ability  to  predict 
accurately  the  value  of  voltage  drop  for  thionyl  chloride 
cells  after  prolonged  storage  would  be  beneficial  in 
practical  applications.  However,  this  analysis  is 
complicated  by  the  high  dispersion  of  parameter  values 
used  to  characterize  the  impedance  of  cells  resulting 
from  the  extended  storage  time  and  temperature 
variation.  In  this  paper  we  discuss  the  extent  of 
dispersion  observed  as  a  function  of  storage  time. 

EXPERIMENTAL 

Thirty  ECO  thionyl  chloride  cells  of  8.7  Ah  and 
geometric  surface  area  of  lithium  48  cm2  were  analyzed. 
Impedance  measurements  were  performed  using  a 
Solartron  1280  in  frequency  range  from  20  000  Hz  to 
0.05  Hz  and  10  mV  input  signal  amplitude.  Polarization 
consisted  of  10  sec  discharge  on  110  Ohm.  Polarization 
was  applied  after  a  week  and  then  again  after  three 
weeks  following  assembly.  Cells  tested  were  stored  at 
room  temperature. 

RESULTS  AND  DISCUSSION 

The  Niquist  plot  of  a  thionyl  chloride  cell  contains  a 
depressed  semicircle  in  the  domain  of  high  and  medium 
frequencies  and  corresponds  to  the  resistance  of  the 
passive  layer  on  lithium  metal.  We  found  that  the 
magnitude  of  the  voltage  drop  during  initial  polarization 
of  cells  is  proportional  (Fig.l)  to  the  value  of  Rpt  (where 
Rpi  is  a  segment  cut  by  the  semicircle  on  real  axis).  The 
expected  value  of  a  cell’s  voltage  drop  during 
polarization  can  be  easily  calculated  based  on  the  results 
of  the  impedance  measurements.  For  this  type  of  cell  the 
dependence  of  the  voltage  drop  under  polarization  on 
impedance  can  be  described  by  the  following  equation 
Y  =  -  0.0004  X2  +  0.392-X  -  7.462  with  the  R  value  of 
0.96.  This  equation  does  not  change  with  the  storage 
time. 


Fig.l.  Resistance  of  cells  calculated  from  the  voltage  drop 
(Rvd)  vs.  resistance  of  passive  layer  Rpt. 

We  also  found  that  higher  dispersion  of  the  impedance  of 
the  cells  corresponds  to  the  higher  average  value  of  Rp/ 
where  during  storage  Rpi  increases  and  dispersion  of  Rp{ 
becomes  higher.  After  polarization  the  value  of  Rpt  drops 
with  corresponding  drop  in  dispersion  and  rises  again  with 
additional  storage  (Fig.2). 


Fig.2.  Cell  resistance  as  a  function  of  storage  time. 

1  -  a  week  after  assembly;  2  -  one  day  after  polarization;  3 
-  two  weeks  after  polarization;  4  -  nine  days  after  second 
polarization;  5  -  two  months  after  second  polarization. 
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Introduction 

It  was  reported  [1]  that  the  Moltech  rechargeable  cells 
based  on  a  sulfur  containing  cathode  and  Li  anode  have 
reached  a  specific  energy  close  to  200  Wh/kg  at  moderate 
discharge  rates.  For  portable  tools,  EV,  and  HEV 
applications,  an  energy  density  of  100  Wh/kg  at  a  specific 
power  of  a  minimum  of  500  W/kg  is  required. 

This  paper  presents  the  performance  of  Moltech 
rechargeable  prismatic  cells  at  high  discharge  rates  where 
other  Li  systems  deliver  very  limited  specific  energy. 


Experiment 

Two  sizes  of  Moltech  prismatic  with  a  soft  A1  bag 
package  were  tested  at  1  to  10  C  discharge  rates: 


Capacity 

Spec.. Energy 
@  0.3C 

Spec.Energy 
@  0.3C 

Prismatic 

Ah 

Wh/kg 

Wh/1 

33x44x6 

(M08) 

0.8 

160 

190 

67x82x5.5 

AM 3) _ 

3.0 

200 

210 

For  comparison  Li  ion  cells  from  two  manufacturers  were 
discharged  under  the  same  conditions:  Sanyo  rectangular 
(A1  can)  550  mAh,  18g  and  A.T.  Battery  Co.  rectangular 
750  mAh,  38g  [2], 

Results  and  Discussion 

Ragone  Plots 

Fig.  1  compares  the  specific  energy  of  Moltech  M08 
prismatic  cell  to  the  AT  0.75Ah  and  Sanyo  0.5  Ah  Li  ion 
cells.  From  the  Ragone  plots  one  can  see  that  at  a  rate  of 
10C  M08  cells  deliver  a  specific  power  higher  than 
IkW/kg  and  energy  of  120  Wh/kg.  At  3C  the  specific 
energy  of  the  tested  Li  ion  cells  was  only  40  Wh/kg  at  a 
power  of  250  W/kg.  Fig.  2  depicts  a  typical  voltage-time 
curve  of  M3  cells  at  8C  rate.  A  specific  energy  of  120 
Wh/kg  at  1070  W/kg  was  estimated.  For  comparison  a 
Panasonic  EV  Energy  -7  cell  module  of  6.5  Ah  NiMH 
cells  at  peak  pulse  specific  pov/er  of  625  W/kg  for  HEV 
application  has  only  7.5Wh/kg  specific  energy  [31. 

Cycle  life  at  high  rate  charge 

Because  of  Li  dendrite  formation  the  cycle  life  of  the 
most  advanced  Li  metal  rechargeable  cells  is  lower  at 
high  charge  current  density  e.g.  a  3  hour  charge  rate  [4]. 
Moltech  rechargeable  cells  can  be  charged  at  1  to  2  hour 
charge  rates  without  appreciable  reduction  of  the  cycle 
life.  Fig  3  gives  the  cycle  life  of  M08  at  2  hour  taper 
charge  and  0.8A  discharge.  300  cycles  to  50%  of  the 
capacity  at  the  5th  cycle  were  achieved. 

Safety 

M08  and  M3  prismatic  Moltech  cells  tested  according 
UL-1642  standard  successfully  passed  all  tests  without 
any  electronic  protections.  No  safety  failures  were  found 
for  the  cells  containing  a  higher  Li  amount  (M3  size). 
This  suggests  a  very  reliable  self-protection  of  the  Li 
deposit  due  to  of  a  low  concentration  of  Li  polysulfides 
formed  during  the  oxidation-reduction  processes.  The 
same  soluble  species  are  also  responsible  for  the  excellent 
overcharge  protection  shown  in  Fig  4  in  an  abnormal 
charge  test.  In  the  same  test,  the  Li  ion  cells  are  unsafe 
and  they  required  vent  and  cut-off  protections. 
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Figure  4.  Abnormal  Charge  of  Moltech 
0.8  Ah  Prismatic  Cell 
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Lithium  ion  batteries  have  now  very  important  and 
promising 

position  in  battery  market,  though  most  of  the  batteries 
are  Co  type  lithium  ion  batteries  which  use  lithium 
cobaltate  as  positive  electrode  material.  Co  type  Li  ion 
batteries  surely  show  good 

and  well-balanced  characteristics,  but  the  small  amount 
of  the  Co 

resource  suggests  the  difficulty  in  large-sized  battery  use 
such  as  electric  vehicles.  On  the  other  hand  Mn  material 
has  large  natural  abundance  and  steady  background  in 
battery  industry,  though  the  short  cycle  life  and  lower 
discharge  capacity  had  been 

remaining  in  conventional  technology.  Thermal  stability 
for  lithium  manganese  spinel  was  another  remarkable 
point  for  large-sized  applications,  for  thermal 
management  and  safety  occupy  much  serious  position  in 
the  applications. 

We  concentrated  on  the  improvement  of  cycle  life  at 
room  temperatures  and  higher  temperatures  by  means  of 
crystal  lo-graphical  approach  and  physicochemical 
approach  to  develop  two  types  of  Mn  type  Li  ion 
batteries  :  one  for  pure-EV  use  of  high  energy  density, 
another  for  HEV  use  of  high  power  density. 

The  specification  for  Mn  type  Li  ion  single  cell  for 
pure-EV  use  is  shown  in  Table  1.  The  energy  density  is 
almost  same 

that  for  Co  type.  Cycle  life  at  40  %  DOD  and  25* 
showed  more  than  1000  cycles.  8  cells  connected  in 
series  and  a  cell 

controller  were  installed  in  a  module  case  to  form  a 
module  to  mount  on  a  car.  Fig.l  is  the  photograph  for 
the  module. 

Mn  type  Li  ion  cell  for  pure-EV  use  was  modified  to 
make  it 

high  power  density  by  reducing  the  internal  resistance. 
Fig.  2 

shows  high  rate  discharge  ability  for  our  cell  developed. 
Fig. 3 

is  the  photograph  of  battery  module  for  HEV  consisting 
of  48  cells  connected  in  series  and  6  cell  controllers  in 
the  module  case. 

Acknowledgement 

A  part  of  this  work  is  dependent  on  the  results  of  the 
Development  of  Dispersed  Type  Battery  Energy  Storage 
Technology  sponsored  by  MITI  and  NEDO. 

References 

1) K.  Tamure,  T.  Horiba  and  T.  Iwahori,  J.  Power 
Sources,  81-82.  156(1999). 

2) S.  Hossain  and  S.  Megahed  Symp.  Proc.  EVS-13, 1-45 
(1996). 

3) A.  M.  Wilson  and  J.  Reimer,  Proc.  IMLB-9,  Poster  II 
Thur  81  (1998). 


Tablel.  Specification  for 
developed  single 


cell  for  pure 

-EV  use 

ratings 

3.8  V-90  Ah 

dimensions 

•67x*410  mm 

weight 

3.2  kg 

energy- 

107  Wh/kg 

density 

Fig.l  Photograph  of  8-cell  module  for  pure- 
EV  use 


Fig.2  Discharge  characteristics  for  HEV 
single  cell 


Fig. 3  Photograph  of  48-cell  module  for  HEV  use 
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There  is  a  clear  tendency  of  moving  from  combustion 
engines  to  a  cleaner  and  more  efficient  electrochemical 
technology.  It  has  been  predicted  that  the  combustionless 
technologies  will  dominate  and  replace  the  internal 
combustion  engine  in  the  next  few  decades.  There  will  be 
a  competing  challenge  between  the  lithium  battery  and  the 
fuel  cell  driven  vehicles. 

The  purpose  of  this  work  is  to  assess  the  status  and 
viability  of  advanced  lithium  batteries  for  application  in 
electric-based  transportation.  Technical  challenges  and 
opportunities  for  the  development  of  advanced  electric 
power  sources  have  been  explored,  and  the  optimized 
lithium-ion  battery  is  identified  as  the  most  advanced  and 
promising  energy  storage  system  for  future  electric-based 
transportation.  The  abundance  of  lithium  in  the  earth’s 
crust  and  in  the  sea  has  been  explored  and  it  appears  to 
satisfy  the  high  lithium  consumption  of  lithium  battery  for 
transportation  applications.  Recent  innovations  in 
materials  engineering  and  new  design  concepts  in  battery 
packaging  have  provided  a  realistic  optimism  for  the 
future  of  electric-based  transportation.  Breakthroughs  in 
materials  are  key  and  eventually  will  determine  the  future 
technology  for  the  electric-based  transportation.  The 
emerging  battery  technology  will  incorporate  many  recent 
breakthroughs  in  the  field  of  solid  state  chemistry, 
physics,  and  materials  science,  and  will  benefit  from 
numerous  advances  made  in  electronic  control  and  power 
management  systems.  In  addition,  safety  aspects  of  EV 
and  HEV  batteries  have  been  improved  considerably,  and 
many  intrinsic  (chemical)  and  extrinsic  (electronic) 
controls  have  been  developed  to  provide  extra  safety 
margin.  Furthermore,  there  is  great  possibility  to  further 
reduce  the  cost  of  advanced  batteries  through  smart 
engineering  of  functional  and  low  cost  materials.  The  key 
improvements  in  performance,  safety,  and  cost  issues  will 
be  reported. 

The  electric  propulsion  systems  are  very  advanced  and 
energy  efficient,  however,  improvement  in  batteries  is 
crucial.  There  is  tremendous  potential  for  further 
improvement  of  lithium-ion  battery  performance  and 
greater  opportunity  of  lowering  the  cost  of  the  battery. 

There  have  been  many  proposals  to  combine  two  or  more 
power  sources  in  order  to  simultaneously  satisfy  the 
energy  and  power  requirements  of  Evs  and  HEVs.. 
Recent  ICE-lithium  battery  hybrid  will  be  discussed. 
Although  the  hybrid  system  benefits  from  the  optimized 
performance  of  multiple-power  units,  the  ideal  scenario  is 
to  have  only  one  power  source,  i.e.  a  battery  capable  of 
delivering  both  the  required  power  and  energy.  Design 
and  materials  optimization  of  such  a  battery  remains  as  a 
challenge  for  the  next  decade.  Recent  improvements  in 
performance  of  high-power  battery  will  be  reported.  The 
competing  fuel  cell  technology,  its  potentials  and 
limitations  will  be  compared  with  the  lithium  battery 
technology. 
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This  paper  discusses  the  performance  charac¬ 
teristics  of  two  types  of  cells  of  configuration 
LiMn204/chitosan/C.  LiMn204  was  prepared  by  the 
sol-gel  method  using  lithium  acetate  and  manganese 
acetate  as  starting  reagents  and  tartaric  acid  as  the 
gelling  agent.  The  precursor  obtained  was  heated 
at  different  temperatures.  The  performance  of  the 
LiMn204  prepared  from  heating  the  precursor  at  dif¬ 
ferent  temperature  was  determined.  The  performance 
characteristics  of  the  different  cells  fabricated  utiliz¬ 
ing  the  lithium  manganese  oxide  as  the  cathode  active 
material,  LiC104-EC-DMC  as  the  electrolyte  and  car¬ 
bon  as  the  anode  was  studied  to  ascertain  the  best 
condition  for  preparing  the  LiMn204.The  cell  utiliz¬ 
ing  LiMn204  obtained  by  heating  the  precursor  at  600 
degrees  celcius  for  6  hours  gave  the  best  performance. 
The  same  LiMn204  material  was  then  used  in  the  fab¬ 
rication  of  cells  using  the  chitosan  polymer  based  elec¬ 
trolytes.  The  electrolytes  used  were  chitosan  polymer 
doped  with  LiCF3S03  to  which  EC  was  added  as  the 
palsticizer.  In  one  of  the  cells,  the  chitosan  polymer 
was  doped  with  40901.3  x  10-3  S  cm-1  and  that  of  the 
second  the  electrolyte  3.9  x  10-3  S  cm- 1.  The  cathode 
of  all  cells  consist  of  80  and  lObinder  by  weight.  The 
characteristics  of  the  cells  was  measured  and  analysed. 
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A  cooperative  research  program  on  the 
thermal  characterization  and  safety  of  lithium 
batteries  is  being  carried  out  at  IIT/CESE 
(supported  by  U.S.  Army  Research  Office)  and 
Tohoku  University  (supported  by  NICHE  ).  This 
research  includes  experimental  work  and 
performance  prediction,  for  scaled-up  secondary 
lithium  batteries. 

" Normal  operation  and  effects  associated  with 
“ abnormal ”  operation. 

The  upper  limit  on  the  “normal” 
operating  temperature  of  lithium-ion  batteries  is 
conservatively  set  (typically  at  65°C  for  US  Type 
1 8650  lithium  cobaltate  cells).  This  is  done  to 
avoid  rapid  capacity  fading  and  thermal 
runaway,  which  are  both  complicated  and  poorly 
predictable  processes.  The  risk  of  thermal  run¬ 
away  is  exacerbated  under  load  conditions. 
Therefore,  fundamental  studies  must  take 
advantage  of  the  more  reproducible  process  at 
open  circuit.  As  demonstrated  at  IIT,  using  an 
Accelerated  Rate  Calorimeter  (ARC),  thermal 
runaway  at  open-circuit  is  sensitive  to  the  state- 
of-charge.  It  occurs  at  104°C  for  cells  charged  to 
4.06V  open  circuit,  and  only  at  144°C  for  cells  at 
2.8V  open  circuital] 

Sources  of  heat  generation  and  their  effect  on 
cell  performance /  thermal  runaway. 

Three  sources  of  heat  generation  must 
be  considered  in  the  analysis  of  capacity  fading 
and  thermal  runaway. 

(1)  The  “reversible”  heat  released  (or  absorbed) 
by  the  chemical  reaction  of  the  cell; 

(2)  The  “irreversible”  heat  generated  by  ohmic 
resistance  and  polarization; 

(3)  The  heat  generated  by  “side  reactions”,  i.e., 
parasitic/corrosion  reactions,  and  “chemical 
shorts”. 

In  “normal  operation”,  heat  effects  (1) 
and  (2)  are  small.  Therefore,  no  thermal  runaway 
occurs  even  during  prolonged  operation,  and 
capacity  fading  is  not  accelerated.  Under 
“abnormal”  conditions  (high  temperature  or 
current,  in  prolonged  operation)  heat  effects  (1) 
and  (2)  trigger  the  self-accelerating  effect  (3). 


Using  the  ARC  to  measure  thermal 
runaway  in  small  cells  at  open  circuit,  it  is 
possible  to  extract  information  about  heat  effect 
(3),  including  kinetics. [2]  When  the  “normal 
use”  effects  (1)  and  (2)  are  known,  this  can  be 
combined  to  model  heat  generation  in  a  scaled- 
up  cell  and  predict  thermal  run-away  or  capacity 
fading.  Since  information  on  (3)  is  not  consistent 
from  one  cell  to  the  next,  it  must  be  “built  up” 
from  measurements  on  components.  Also,  the 
reversible  heat  (1),  must  be  accurately  known. 

Heat  generation  under  ‘‘normal'  conditions 

The  reversible  heat  (1)  can  be  measured 
by  various  techniques  [3],  or  calculated  from  the 
thermodynamic  equation: 

Qrev  =  nuTAS  =  T  o  Eeq/  3T)  ( I  t)dc 
Therefore,  in  cooperative  work  [4],  we  have 
determined,  for  various  lithium  cells  in  normal 
operation,  the  “entropy  coefficient”  (d  Et{/dT) . 
The  results  are  shown  in  Fig.  1 
Fig.l.  Coefficientsf  dEe(/dT)  of  various  cells 
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Introduction 

LiNi].xCox02‘  is  an  attractive  choice  of  cathode 
material  in  Li-ion  cells  due  to  its  cost  advantages  and 
increased  capacity  compared  with  LiCo02.  In 
comparison  with  LiNi02,  LiNij.xCox02  offers  improved 
safety  benefits  due  to  an  increased  structural  stability  at 
higher  temperatures  and  voltages.  Further,  the 
introduction  of  small  amounts  of  metal  dopants,  such  as 
AI,  into  the  LiNii.xCox02  lattice  has  also  been  reported2 
to  stabilise  the  structure  and  improve  cycle  behaviour. 

Experimental 

Electrochemical  characterisation  of  LiNij.x.yCoxAlv02 
cathode  material  was  conducted  in  lithium  half-cell 
over  the  potential  range  3.0  V  to  4.2  V.  Evaluation  of 
LiNi|.x.vCoxAlv02  performance  with  graphitic  carbon 
anode  has  been  undertaken  in  several  alternative  Li-ion 
cell  types.  These  include  a  flat  ‘so ft- packaged’  10  A  h 
cell  design  and  a  high  capacity  75  A  h  metal  case  cell 
design. 

Results 

The  LiNi1.x.vCoxAlv02  cathode  material  exhibited  a 
high  reversible  capacity  of  184  mA  h  /  g  and  stable 
cycle  performance,  Figure  1.  High  energy  densities  in 
the  range  150  -  160  W  h  /  kg  have  been  achieved  for 
flat  10  A  h  Li-ion  cells  adopting  a  LiNit.x-vCoxAl¥02 
cathode.  Such  cells  demonstrate  encouraging  cycle 
performance,  as  illustrated  in  Figure  2.  In  high  capacity 
prismatic  Li-ion  cells  increased  energy  densities  in  the 
range  130  -  140  Wh  /  kg  have  been  achieved  with  a 
LiNi].x.yCoxAlY02  cathode  compared  to  that  obtained 
with  LiCo02. 


Conclusions 

LiNi|.x.yCoxAly02  type  cathode  material  demonstrates 
high  reversible  capacity  and  stable  cycle  performance 
for  application  in  a  range  of  Li-ion  batteries  of  high 
energy  density. 


Figure  1  Cycle  performance  of  LiNi,.x.yCoxAIy02 
cathode  material  versus  lithium  metal  anode 


Figure  2  Cycle  performance  of  LiNi,.x.yCoxAly02 
cathode  in  flat  ‘soft-packaged’  10  A  h  Li-ion  cell 


Cyde  rurtrr 


References 

1.  C.  Delmas,  I.  Saardoune  &  A.  Rougier,  J.  Power 
Sources,  43-44  (1993)  595 

2.  K.  Matsumoto,  R  Kuzuo,  K.  Takeya  &  A. 
Yamanaka,  J.  Power  Sources,  81-82  (1999)  558 


Abstract  No.  359 

Recycling  of  Lithium  Ion  Cells  and  Batteries 

M.  J.  Lain 

AEA  Technology  Batteries 
Culham  Science  Centre,  El  Culham,  Abingdon, 
Oxfordshire,  0X14  3ED,  U.K. 

Lithium  ion  cells  and  batteries  will  form  an  increasing 
proportion  of  the  battery  waste  stream,  as  products  using 
them  reach  the  end  of  their  practical  life.  It  is  therefore 
important  that  an  optimum  recycling  process  is  available 
for  this  battery  chemistry.  This  process  should  be  safe, 
economic,  and  recover  as  much  of  the  battery  material  as 
possible.  The  absence  of  metallic  lithium  gives  greater 
flexibility  in  cell  disassembly,  and  subsequent  processing. 

The  cobalt  is  the  most  valuable  component  of  the  lithium 
ion  cell.  However,  the  second  most  valuable  component  is 
the  electrolyte.  Therefore,  any  process  seeking  to  extract 
the  maximum  value  from  the  cell  will  need  to  recover  the 
electrolyte.  This  imposes  process  limitations,  because  the 
lithium  salt  is  hydrolysed  by  water,  and  thermally 
unstable  above  about  80  °C. 

AEA  Technology  Batteries  have  been  developing  an 
alternative  to  the  existing  high  and  low  temperature 
processes.  It  operates  at  around  room  temperature,  and 
recovers  more  of  the  cell  contents.  The  main  process 
stages  are  as  follows 

1.  Mechanical  Shredding 

The  cells  are  posted  into  an  inert,  dry  atmosphere  for 
mechanical  shredding.  This  avoids  exposing  the  cell 
contents  to  water  vapour,  which  would  hydrolyse  the 
electrolyte.  It  also  reduces  the  impact  of  internal  short 
circuits,  which  can  be  violent  in  contact  with  oxygen. 

2.  Electrolyte  Extraction 

The  liquid  electrolyte  is  dispersed  in  the  pores  of  the 
electrodes  and  separator.  However,  by  immersing  in  a 
suitable  solvent  for  a  few  hours,  the  electrolyte  can  be 
extracted.  After  separation  from  the  residual  solids,  the 
solvent  can  be  recovered  by  evaporation  at  reduced 
pressure,  leaving  pure  electrolyte. 

3.  Electrode  Dissolution 

The  electrodes  are  cast  using  PVDF  binder  dispersed  in  a 
solvent.  This  process  can  be  reversed  to  recover  the 
electrode  particles.  The  cell  pieces  are  immersed  in  the 
solvent,  which  is  stirred  and  heated  to  around  50  °C.  The 
binder  re-dissolves,  separating  the  electrode  particles  from 
the  residual  copper,  aluminium,  steel  and  plastic.  The 
latter  can  be  further  separated  based  on  their  physical 
properties  e.g.  density,  magnetism.  The  electrode  particles 
are  filtered  from  the  binder  solution,  which  is  then 
concentrated  to  recover  the  bulk  of  the  solvent  for  re-use. 

4.  Cobalt  Reduction 

The  residual  electrode  particles  are  lithium  cobalt  oxide, 
and  one  or  more  types  of  carbon.  Before  they  can  be 
reused,  they  need  to  be  separated  further.  To  avoid  adding 


any  chemicals  to  the  system,  electrochemical  reduction  is 
used.  As  the  cobalt(III)  is  reduced  to  cobalt(II),  lithium  is 
released  from  the  solid  structure.  Oxygen  is  generated  at 
the  counter  electrode. 

The  carbon  particles  increase  the  electronic  conductivity 
during  the  electrochemical  reaction.  Any  residual  lithium 
is  de-intercalated  at  the  same  time.  Hydrogen  evolution  is 
an  unwanted  side  reaction.  Therefore,  aqueous  lithium 
hydroxide  is  used  as  electrolyte,  and  the  current  collector 
is  graphite. 

The  individual  steps  of  the  process  were  initially 
investigated  separately,  on  a  small  bench  top  scale.  This 
allowed  suitable  solvents  and  operating  conditions  to  be 
determined.  The  stages  were  then  integrated  into  a 
demonstration  unit.  This  had  a  number  of  advantages  :- 

-  proper  anhydrous  operation  where  required. 

-  any  cross-contamination  between  process  steps 

revealed. 

-  consideration  of  preferred  construction  materials. 

-  control  and  safety  issues  resolved. 

-  identification  of  areas  requiring  further  scale  up  effort. 

Manufacturing  waste  is  comparatively  free  of 
contamination,  and  generally  localised.  However,  the 
predominant  waste  source  is  used  batteries.  All  consumer 
lithium  ion  cells  are  sold  as  battery  packs.  Therefore,  it  is 
necessary  to  be  able  to  disassemble  the  packs,  and  extract 
the  cells.  Unfortunately,  there  are  already  several  hundred 
different  pack  sizes  in  existence,  which  makes  fully 
automatic  disassembly  difficult.  However,  it  is  likely  that 
a  semi-automated  process  can  be  developed.  The  key 
safety  requirement  is  to  avoid  rupturing  the  cell  can 
during  any  cutting  process.  Contamination  with  other 
battery  chemistries  can  be  minimised  by  taking  advantage 
of  the  non-standard  cell  sizes  of  lithium  ion  cells. 

Given  the  projected  numbers  of  cells  available  for 
recycling,  and  the  value  per  cell  of  the  contents,  there  is  a 
significant  market  opportunity  for  recycling  lithium  ion 
cells  and  batteries.  Unlike  some  recycling  processes,  the 
bulk  of  the  income  comes  from  the  sale  of  the  products, 
rather  than  from  charges  to  the  waste  disposers.  It  seems 
unrealistic  to  charge  the  latter  more  than  the  costs  of 
disposal  through  incineration  or  landfill. 

A  preliminary  design  has  been  produced  for  an 
operational  plant  with  an  annual  throughput  of  around  ten 
million  cells.  This  has  enabled  the  capital  and  operating 
costs  to  be  estimated.  With  further  assumptions  on 
income,  even  a  single  plant  shows  a  solid  return  on 
investment.  The  main  complication  is  the  variation  in 
world  prices  of  the  recycled  products.  During  the 
operating  life  of  a  plant,  the  prices  can  be  expected  to 
cycle  up  and  down  several  times.  This  will  obviously 
effect  the  degree  of  profitability,  but  only  the  degree,  and 
not  the  fundamentally  profitable  nature  of  the  process. 
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Influence  of  the  lithium  battery  inner  medium  on  process 
of  battery  discharge  into  an  outer  load  can  change  its 
character  during  discharge.  This  change  modulates 
discharge  settling  rate  and  can  be  researched  by  studying  of 
the  characteristic  functions  of  discharge. 

Here,  we  present  the  results  on  the  inverse  characteristic 
time  of  changes  of  value  of  some  quantities  characterizing 
discharge  process  of  the  lithium  batteries  during  discharge. 
The  polarization  of  the  lithium  battery,  its  inner  resistance, 
and  the  quantity  HI  where  I  is  the  discharge  current 
through  the  battery  are  among  the  researched  quantities. 
The  experimental  data  have  been  obtained  by  the  intensive 
research  method  /  1  /.  The  VARTA  CR  2032,  CR  2016 
GP,  ENERGIZER  CR  2025,  BR  2020,  and  BR  2325  lithium 
batteries  were  used  at  the  study. 

Some  of  the  results  of  the  research  are  presented  in  Fig.  1- 
4.  They  give  us  the  four-dimensional  diagrams  /  2,  3  /  for  the 
inverse  characteristic  time  1/x  =  (dr/dt)/r  of  changes  of  the 
inner  resistance  r  of  the  investigated  lithium  batteries  in 
process  of  discharge  for  the  studied  values  of  the  outer  load 
and  the  discharge  time  as  one  dependence  on  the  battery’s 
polarization  H.  Every  value  of  1/t  in  Fig.  1  -  4  is  averaged 
on  the  nearest  five  values  along  the  corresponding  discharge. 
Fig.  3,  4  present  the  four-dimensional  diagrams  of  1/t 
obtained  at  different  time  for  the  same  battery. 

The  results  of  the  study  show  that  1/t  has  some  not 
monotonous  changes  during  discharge  itself  and  from 
discharge  to  discharge.  They  are  obviously  connected  with 
modulation  of  discharge  process  by  changes  of  influence  of 
the  lithium  battery  inner  medium  on  discharge  process. 

The  fact  itself  of  change  of  influence  of  the  lithium  battery 
inner  medium  on  discharge  process  during  discharge,  is 
known.  Two  points  present  an  interest  here:  the  repeatable 
changes  which  occur  at  very  small  values  of  the  discharge 
current  /  4  /  and  possibility  to  research  properties  of  the 
lithium  battery  inner  medium  by  studying  of  the 
characteristic  functions  of  discharge  process. 

Not  monotonous  changes  of  the  behavior  of  1/t  in  process 
of  some  discharges  and  from  discharge  to  discharge  in  Fig.  1 
-  4  point  to  appearance  of  alteration  of  medium  influence 
on  discharge  process.  Corresponding  values  of  1/t  and  H 
can  give  some  estimates  of  the  rate  and  the  region  of  these 
alterations. 
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Fig.  1-2  The  four-dimensional  diagrams  of  (dr/dt)/r 
for  two  VARTA  CR  2032  batteries. 

Fig.  3-4  The  four-dimensional  diagrams  of  (dr/dt)/r 
obtained  at  different  time  for  an  ENERGIZER  CR 
2025  battery. 
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INTRODUCTION 

It  has  been  shown  that  it  is  possible  to  predict 
the  performance  of  electrode  materials  for 
lithium  ion  cells  based  on  impedance 
measurements.  Impedance  methods  were  used 
by  several  authors  in  order  to  determine  the 
diffusion  coefficients  of  lithium  ions  in 
transition  metal  oxides  (1,2)  and  carbon 
materials  (3,4).  However,  practically  all 
experiments  were  performed  in  half-cell  with 
“model”  electrodes  having  thickness 
significantly  lower  compared  to  electrodes  in 
real  cells  (1,2, 3 ,4).  As  a  result,  interpretation  of 
the  correlation  between  impedance 
measurements  and  actual  performance  of  cells 
becomes  difficult.  We  will  present  data 
demonstrating  that  the  investigation  of  the 
dynamic  behavior  of  an  electrodes’  impedance, 
combined  with  the  development  of  a  theory  of 
impedance  of  composite  electrodes  in  lithium 
ion  cells,  can  be  applied  as  a  effective  tool  for 
improvement  of  lithium  ion  cells. 

EXPERIMENTAL 

Cells  tested  were  close  to  18650  size.  Anode  of 
lithium  ion  cell  was  made  from  graphite  SFG-44 
with  PVDF  and  was  applied  on  copper  foil. 
Cathode  had  the  following  composition: 
LiCo02,  SAB,  PVDF;  cathode  material  was 
applied  on  aluminum  foil.  Lithium  metal 
reference  electrode  was  a  strip  sealed  in 
separator  (Celgard  2300)  and  introduced  into 
jelly  roll  in  parallel  with  both  electrodes. 


Impedance  measurements  were  performed  using 
a  Solartron  1280  in  frequency  range  from  20000 
Hz  to  0.05  Hz  (in  some  cases  down  to  0.002  Hz) 
and  10  mV  input  signal  amplitude. 
Measurements  were  carried  out  both  in  charged 
and  discharged  state  as  a  function  of  cycle 
number.  Temperature  of  the  cell  was  controlled 
to  ±1°C  accuracy. 

RESULTS  AND  DISCUSSION 

Based  on  results  of  the  impedance  measurement 
the  contribution  of  the  impedance  of  the  anode 
into  impedance  of  real  lithium  ion  cell  is 
negligible.  Impedance  of  the  cathode  has  a 
classical  shape  and  consists  of  two  arcs  and  the 
line  of  Warburg  element  at  very  low 
frequencies.  The  diameter  of  semicircle  in  low 
frequency  domain  noticeably  depends  on  the 
state  of  the  charge.  The  overall  Niquist  plot  is 
well  described  by  an  equivalent  circuit 
consisting  of  two  resistors  each  in  parallel  with 
constant  phase  elements.  Activation  energies  of 
the  resistors  in  equivalent  circuit  were 
calculated  to  be  close  to  30  kJ/mol  in  the 
temperature  range  from  -3°C  to  40°C  where  the 
dependence  of  their  values  on  temperature  in 
Arrenius  scale  is  linear. 

The  interpretation  of  the  lithium  ion  cell 
impedance  and  the  nature  of  equivalent  circuit’s 
elements  as  well  as  the  correlation  between 
capacity  fade  and  changes  in  impedance  of  the 
lithium  ion  cell  will  be  described. 
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To  improve  safety  and  increase  capacity  of  Li  battery, 
development  of  liquid-free  polymer  battery  system  is  one 
of  the  most  important  matters.  High  ionic  conductive 
comb-shaped  PEO  based  polymer,  poly  [ethylene  oxide- 
C0-2-(2-methoxyethoxy)ethyl  glycidyl  ether,  (10~4S/cm  at 
30°C)  having  high  molecular  weight  (Mw>106)  has  been 
developed  by  Daiso.  The  polymer  is  quite  stable  in 
contact  with  Li  metal  anode  and  it  shows  more  than 
double  figures  higher  conductivity  than  PEO  on  account 
of  its  low  Tg  (-70°C)  owing  to  flexible  branched  ether 
units.  [1],  [2] 

The  polymer  can  form  a  self-standing  film  with  so 
small  quantity  of  crosslinking  that  the  decline  of  the 
conductivity  by  crosslink  can  be  minimized.  The 
crosslinked  film  is  elastic  and  has  highly  mechanical  and 
electrochemical  stability  at  room  temperature  and  higher 
temperature. 

In  order  to  investigate  into  battery  performance,  testing 
cells  were  comprised  of  crosslinked  polymer  film  as 
electrolyte,  LiCo02  as  cathodic  active  material  and 
lithium  metal  anode.  Cycleability  has  been  highly 
improved  by  increasing  electronic  conductivity  and 
heightening  packaging  density  of  cathode.  The 

conductivity  was  an  order  of  10  ohm  cm2  and  the  density 
was  close  to  theoretical  value.  Composite  cathode  was 
consisted  of  82  wt  %  of  LiCo02,  5  wt  %  of  acetylene 
black  as  an  electronic  conductor  and  13  wt  %  of 
uncrosslinked  copolymer  as  an  ion-conducting  binder. 

All  cells  were  charged  at  a  constant  current  of  0.2  CmA 
(=0.14  mA/cm2)  up  to  4.2  V  following  at  constant  voltage 
and  discharged  at  a  constant  current  of  0.2  CmA  to  3.0  V 
at  60°C.  The  typical  initial  charge  and  discharge  capacity 
of  the  cell  were  134  and  119  mAh/g.LiCoOj,  respectively. 
As  shown  in  Figure  1 ,  the  discharge  capacity  began  to  fall 
in  after  10th  cycle  and  reached  down  to  88  %  and  60  %  of 
its  initial  value  at  50  and  125  cycles,  respectively.  The 
decline  of  the  capacity  was  monotonous  at  the  ratio  of 
0.32  %  per  cycle. 

Cell  impedance  was  measured  before  and  after  the 
cycle  performance  test  in  order  to  study  the  mechanism  of 
the  decrease  in  discharge  capacity.  No  change  in  bulk 
impedance,  Rb,  was  occurred  throughout  initial  to  125 
cycles  cells.  However,  the  significant  increase  in 
interfacial  impedance,  Ri,  was  observed.  Ri  after  125 
cycles  was  approximately  three  times  higher  than  that  of 
initial  state.  From  our  experimental  results  regarding 
symmetrical  cell,  Li/SPE/Li,  the  interface  between 
lithium  and  polymer  electrolyte  is  extremely  stable.  So 
we  presume  that  the  reason  of  increasing  impedance  may 
be  due  to  the  deterioration  of  ionic  and/or  electronic  path 
in  the  composite  cathode  or  poor  adhesion  of  current 
collector  to  cathode  during  cycles.  Interfacial  phenomena 
are  still  problems  to  be  solved. 

The  details  of  the  characteristics  of  the  cell  will  be 
discussed. 
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Fig.l:  Cycle  performance  of  liquid-free  Li  polymer 
battery. 

Electrode  size:  1.327cm2 
Charge:C.C.-C.V.-4.2V  (0.2C  =  0.14mA/cm2) 
Discharge:C.C.-3.0V  (0.2C  =  0.14mA/cm2) 
Temp:60°C 
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Introduction 

Many  investigations  have  been  devoted  to  the  study 
of  lithium  ion  polymer  batteries1'3.  Among  the  different 
technologies  being  evaluated,  Bellcore’s  PLION 
technology  is  one  of  the  most  promising  for 
commercialization.  However,  an  important  requirement 
for  the  battery  is  that  it  be  able  to  cycle  at  elevated 
temperatures  (at  least  up  to  60  °C)  to  be  accepted  in 
varied  portable  electronics  applications  and  Bellcore- 
type  batteries  typically  do  not  cycle  well  under  these 
conditions.  The  Bellcore  type  polymer  battery  employs 
12  %  hexafluoro  propylene(HFP)  unit  substituted 
poly(vinylidene  fluoride-co-hexafluoro  propylene)  as 
the  separator  and  electrode  binder  because  of  its  good 
solubility  in  organic  solvents  like  acetone  and  high  ionic 
conductivity  with  electrolyte.  However,  there  has  not 
been  any  detailed  experimental  report  regarding  the  use 
of  PVDF  homopolymer  or  lower  HFP  content 
substituted  PVDF  copolymers  as  the  separator  or 
electrode  binder.  That  was  the  objective  of  this 
investigation  and  our  results  showed  a  significantly 
enhanced  high  temperature  cycle  performance  of  lithium 
ion  polymer  batteries  when  having  reduced  HFP 
contents  in  the  PVDF  copolymer  used  as  the  electrode 
binder. 

Experimental 

Three  different  poly(vinylidene  fluoride-co- 
hexafluoro  propylene)  compositions  were  selected  for 
evaluation  as  the  electrode  binder:  0%,  5%,  and  12% 
HFP.  All  electrodes  were  prepared  by  slurry  coating 
directly  onto  aluminum  or  copper  mesh.  Separator 
membranes  contained  either  a  1:1  blend  of  5%  HFP  unit 
substituted  copolymer  and  12%  HFP  unit  substituted 
copolymer  (Separator  A)  or  12%  HFP  unit  substituted 
copolymer  alone  (Separator  B).  Separators  were 
prepared  either  by  coating  directly  onto  the  electrodes  or 
coating  onto  PET  film  followed  by  lamination  to  the 
electrodes.  The  experimental  cells  employed  a  bicell 
construction,  graphite  as  the  anode  active  material, 
LiCo02  as  the  cathode  active  material,  and  a  1  M 
LiPFfi/EC-DMC-DEC  electrolyte  solution. 

Results  and  Discussion 

Figure  1  shows  the  60  °C  cycle  performance  results 
for  polymer  batteries  having  different  HFP  compositions 
in  the  electrodes.  Polymer  batteries  having  5%  HFP  unit 
substituted  PVDF  copolymer  or  PVDF  homopolymer  as 
their  electrode  binders  showed  good  cycle  performance 
at  60  °C,  while  capacity  retention  for  the  polymer  battery 
with  12%  HFP  dropped  to  less  than  80%  after  only  2 
cycles.  Thus,  HFP  content  in  the  electrodes  was  found  to 
have  a  significant  impact  on  cycle  life  performance  at  60 
°C.  Figure  2  shows  the  cycle  performance  data  of  the 
polymer  batteries  with  the  different  separator  membranes 
at  room  temperature  and  at  60  °C.  The  electrode  binder 
used  in  these  polymer  batteries  was  5%  HFP  substituted 
PVDF  copolymer.  The  results  showed  the  amount  of 
HFP  units  in  the  PVDF  copolymer  used  in  the  separator 
membrane  does  not  affect  cycle  performance 
significantly  at  room  temperature  or  at  60  °C.  Additional 
experimental  results  will  be  discussed  during  the 
presentation. 
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Figure  1.  Cycle  performance  with  different  electrode 
binder  at  60  DC. 


Figure  2.  Cycle  performance  with  different  separator 
membranes  at  room  temperature  and  at  60  °C. 
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Considerable  effort  has  been  devoted  towards  the 
development  of  lithium  rechargeable  batteries  based  on 
solid  polymer  electrolytes  due  to  their  potential  increase  in 
safety  and  energy  density.  Although  the  use  of  metallic 
lithium  as  anode  can  achieve  the  highest  energy  density, 
its  high  reactivity  to  polymer  electrolytes  can  lead  to 
uncontrolled  passivation  phenomena,  even  in  the  presence 
of  a  trace  amount  of  water  and  impurity.  Recently,  we 
developed  a  new  composite  electrode  based  on  SnSbx 
alloy  host  and  Li26Coo.4N  compound.  This  electrode 
demonstrated  a  high  charge  capacity  (>  500  mAh/g)  and 
efficiency  (close  to  100%  at  the  first  cycle)  in  liquid 
electrolytes  [1].  Taking  account  of  its  less-reactivity  to 
electrolytes  due  to  its  operation  potential  above  that  of 
lithium,  we  examine,  in  this  study,  its  electrochemical 
performance  in  solid  polymer  electrolytes. 

PEO-based  polymer  electrolytes  were  prepared  by  the 
conventional  casting  technique.  Using  the  electrolytes 
containing  LiN(CF3S02)2  salt,  the  cells  can  be  operated  at 
a  lower  temperature  (£  70)  than  those  containing 
LiCF3S03  salt  (>  80)  .  Moreover,  the  electrode/polymer 
electrolyte  interface  property  appears  to  be  also  more 
stable  with  LiN(CF3S02)2  salt.  For  these  reasons,  a 
LiN(CF3S02)2-PE0  (MW  -  6xl05)  electrolyte  system  is 
adopted  here. 

Half-cell  study  with  lithium  as  counter  electrode  shows 
that  “shunting”  effect  related  to  lithium  dendrite  formation 
can  not  be  avoided  by  the  use  of  the  PEO-based  polymer 
electrolytes.  This  problem  can  be  overcome  by  using 
insertion  cathodes  and  adding  ceramic  fillers  into  the 
polymer  electrolytes  to  enhance  the  mechanical  strength. 
Fig.  1  shows  charge/discharge  profiles  of  a  cell  using 
SnSb/Li2i6Co0.4N  composite  anode  and  LiNi0  8Co0.2O2 
cathode.  The  polymer  electrolyte  in  this  cell  contains  10% 
BaTi03  powder  (0.1  pm).  The  first  charge  profile  is  a  little 
different  from  the  following  ones,  this  is  originated  from 
an  incomplete  recovery  of  intermetallic  SnSb  phase  after 
lithium  is  extracted  from  this  host  in  the  first  cycle. 
Different  ceramic  powders  (BaTi03,  LiA102,  Ti02,  and  y- 
A1203)  have  been  examined  for  use  as  filler.  The 
preliminary  results  reveal  that  the  kind  and  the  particle 
size  of  fillers  have  a  direct  influence  on  the  cell 
performance.  The  ceramic  fillers,  especially  BaTi03,  not 
only  enhance  mechanical  strength  of  the  electrolyte,  but 
also  improve  the  interfacial  stability,  so  that  cycle  life  of 
the  cells  can  be  improved  (Fig.  2). 
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Fig.  1.  The  initial  3  cycle  profiles  for  a  cell  with 
SnSb/Li2.6Co0.4N  composite  anode  and  LiNi08Co0.2O2 
cathode  at  80  .  ic  =  id  =  0. 1 5  mA/cm2. 
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Fig.  2.  Cycling  behavior  of  cells  at  75  w  i  th  polymer 
electrolytes  containing  different  fillers. 
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Much  effort  has  gone  into  the 
investigation  of  the  oxidation-reduction  of 
pyrite  in  the  Li/FeS2  battery  systems  and 
several  discharge  mechanisms  have  been 
proposed.  It  was  found  that  the  reduction 
of  FeS2  in  non-aqueous  and  polymer 
electrolytes  as  well  as  in  molten  media 
proceeds  as  a  multi-stage  process  with  the 
formation  of  metallic  iron  and  lithium 
sulfide  as  the  final  products.  Charge- 
discharge  processes  in  the  Li/LiI-P(EO)n- 
Al203-based  CPE/pyrite  battery  during 
long-term  cycle  life  have  been  analyzed 
with  the  use  of  dq/dV  curves.  Up  to  seven 
phases  have  been  identified  and  found  to 
change  during  the  first  50  -  100  cycles. 
These  phases  do  not  change  much  over  the 
subsequent  400  cycles.  The  major  phases 
have  been  recently  identified  by  EXAFS 
and  NEXAFS  measurements.  It  was 
proved  that  reduction  of  the  ferrous 
disulfide  proceeds  as  a  multi-stage  process 
via  Li2FeS2  to  metallic  iron.  No  evidence 
of  FeS  was  found. 

Close  inspection  of  the  charge- 
discharge  curves  showed  that  the  1.1  to 
1 .65  V  discharge  region  is  more  prolonged 
than  the  corresponding  charge  region  and 
a  sudden  voltage  jump  appears  (Fig.l).  At 
the  end  of  the  discharge  the  cathode 
consists  of  adjacent  nanosize  lithium 
sulfide  and  iron  particles  that  have  to 
interact  with  each  other  on  charge.  We 
believe  that  the  all-solid-state  reaction  of 
iron  oxidation,  followed  by  the  formation 
of  Li2FeS2  starts  at  the  Fe/Li2S  interphase 
(step  1).  The  generated  Li2FeS2  phase 
(step  2)  creates  a  barrier  to  the  migration 
of  iron  atoms  on  their  way  to  lithium 
sulfide  phase.  This  may  be  followed  by  a 
potential  jump.  When  high  enough 
overpotential  is  reached  the  de¬ 
intercalation  process  starts.  The  structure 
of  Li2FeS2  consists  of  hexagonal -close- 
packed  layers  of  sulfur  with  iron  and 
lithium,  equally  and  randomly  filling  all 
the  tetrahedral  interstices  between  the 
more  separated  pairs  of  sulfur  layers.  The 
remaining  lithium  atoms  fill  the  octahedral 
interstices  between  the  alternate,  closer 
sulfur  layers.  It  is  believed  that  removal  of 
lithium  and  formation  of  a  defect-rich  Li2. 
xFeS2  (1.2<  x<2)  structure  is  followed  by 
enhanced  electronic  conductivity 
explained  as  a  simple  Schottky  effect.  The 
“free”  ion  sites  may  favor  Fe2+  migration 
inside  the  bulk  of  the  de-intercalated  phase 
and  the  two  reactions  (atomic  iron 
oxidation  and  Li2FeS2  de-intercalation) 


most  likely  proceed  simultaneously  (step 
4)- 

The  precise  composition  of  possible 
intermediates  of  all  the  reactions  are  not 
yet  known  with  certainty  and  we  are 
actively  pursuing  electrochemical,  XRD 
and  EXAFS  investigations  into  the 
mechanism  of  charge-discharge  of  the 
Li/composite  polymer  electrolyte/pyrite 
battery. 


Li/Fe  ratio 


Fig.l  Typical  charge-discharge  curves  of 
the  Li/CPE/FeS2  battery 
cathode  composition:  50%  (v/v)  FeS2  , 
50%  (v/v)  CPE,  cathode  thickness  7  (im 
CPE  composition:  LiI-P(EO)20-ECi 
9%A1203 

Operation  conditions:  T  =  135  °C, 
id  =  0.3  mA/cm2,  ic  =  0.05  mA/cm2 
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Electric  vehicles  need  batteries  that 
are  affordable,  meet  or  exceed  current 
safety  standards,  and  satisfy  customer 
expectations  for  performance. 

We  are  developing  a  bipolar 
lithium/composite  polymer  electrolyte 
(CPE)/pyrite  battery  that  shows  great 
promise  for  matching  all  these 
requirements.  The  Li/CPE/FeS2  battery 
has  many  attractive  properties.  This  all¬ 
solid-state  battery  utilizes  metallic  lithium 
as  its  anode  and  a  thin  composite  polymer 
electrolyte  that  acts  both  as  a  separator  and 
as  the  electrolyte.  The  flexible, 
multilaminate  structure  of  the  polymer 
electrolyte  battery  makes  possible  very 
high  power  and  energy  densities.  The  use 
of  a  solid  polymer  as  the  electrolyte  is 
particularly  advantageous  because  it  does 
not  leak  and  emit  dangerous  gases.  The 
battery  operates  over  a  moderate 
temperature  range  of  75  -140  °C.  At  c/10 
discharge  rate  thin-cathode  cells  operating 
at  90°C  deliver  50%  of  their  135°C 
capacity.  Pyrite  was  found  to  be  fully 
compatible  with  polymer  electrolyte 
components  up  to  300°C.  Over  500  100% 
DOD  cycles  (at  c/3  rate)  with  a  capacity 
fading  rate  of  less  than  0.1  %/cycle  were 
carried  out  in  small  (1cm2  area)  laboratory 
prototype  cells  with  7  pm-thick  cathodes. 
A  single  10cm2-cell  went  through  over  70 
reversible  cycles.  Internal  electrochemical 
overcharge/overdischarge  protection 
mechanisms  were  shown  for  the 
Li/CPE/FeS2  battery.  Up  to  100% 
overcharge  and  discharge  down  to  0.3  V 
are  possible  in  this  system  with  no 
significant  negative  effects.  The  existence 
of  the  buffer  capacities  is  a  very  important 
battery  feature  against  accidental  damage. 
Overcharge  and  overdischarge  protection 
mechanism  becomes  particularly 
important  in  the  design  of  high-voltage 
multi-cell  batteries.  The  bipolar  battery 
design  minimizes  IR  losses  between 
adjacent  cells  in  a  cell-stack  and  provides 
for  uniform  current  and  potential 
distributions  over  the  active  surface  area 
of  each  cell  component.  Three-cell  5V 
bipolar  batteries  with  good  performance 
were  assembled  and  tested.  20mAh  with 
100%  Faradaic  efficiency  was  routinely 
obtained  during  discharge  (Fig.  1).  Charge- 
discharge  characteristics  of  these  cells 
were  similar  to  those  of  the  small  1  cm2 
cell  monopolar  prototype. 


The  long-term  projection  for  a 
prototype  sealed  bipolar  Li/CPE/FeS2 
battery,  with  a  45pm-thick  cathode  is 
250Wh/kg  specific  energy. 


Fig.  1.  Charge-discharge  curves  of 
three-cell  bipolar  Li/CPE/FeS2  battery 
(cycle  4),  T=  135  °C 
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A  continuing  demand  for  mobile 
equipment  and  the  growing  interest  in  the 
development  of  electric  and  hybrid  vehicles 
caused  the  recent  sharp  increase  in  competition 
for  high-energy-density  lithium  batteries.  The 
balance  between  ecological  and  economical 
objectives  is  another  but  no  less  important  factor. 
The  abundance,  low  cost  and  the  high  theoretical 
specific  energy  of  the  Li/FeS2  couple  (1273 
Wh/kg  based  on  4 e/  FeS2)  make  the  natural 
mineral  pyrite  a  promising  cathode  material  for 
lithium  batteries.  The  estimated  material  cost  of 
the  Li/composite  polymer  electrolyte  (CPE)/FeS2 
battery  is  about  $40/kWh  (excluding  the  case), 
one  sixth  of  that  for  lithium  ion  batteries  and  for 
other  lithium  polymer  electrolyte  batteries 
(estimated  at  $250/kWh).  The  Li/CPE/pyrite 
battery  with  a  10  )im-thick  cathode  had  a 
reversible  capacity  of  625  mAh/g  (2.8  e/FeS2), 
which  is  about  five  times  that  of  the  Li/LixCo02 
battery  . 

The  low  room-temperature  ion 
conductivity  of  commonly  used  PEO-based 
electrolytes  (10'8  to  10'6  S/cm)  has  hampered  the 
development  of  near-ambient-temperature 
batteries.  Hybrid  and  gel  electrolytes  consisting 
of  a  polymer  matrix  and  organic  liquid 
electrolytes  were  studied  in  this  work  as 
candidates  for  Li/pyrite  rechargeable  battery. 
Recent  progress  in  the  development  of 
rechargeable  Li/gel  or  hybrid  electrolyte/pyrite 
cells  is  described.  The  advantages  and  limitations 
of  the  system  are  evaluated. 

Different  types  of  hybrid  and  gel  polymer 
electrolytes  (HPE  and  GPE)  based  on  polymers 
and  organic  solvents  combined  with  organic  or 
inorganic  gelation  agents  for  Li/pyrite  battery 
were  studied.  Ionic  conductivity  of  1*1 0"4  to 
2.5*  10' 3  S/cm  at  room  temperature  (RT)  was 
achieved  for  HPE  and  5*10*  S/cm  for  GPE.  At 
70  °C  tetraglyme-based  HPE  electrolytes  had 
conductivity  of  6  to  8*10‘3  S/cm,  almost  one 
order  of  magnitude  higher  than  that  of  "dry" 
solid  polymer  electrolytes.  RSei  of  6-10 
ohm*cm2  was  stable  for  about  2000  hours.  The 
first  discharge  at  room  temperature  showed  a 
single  plateau  at  1.5  V  indicating  parallel 
reactions.  At  70  °C  two  well  defined  plateaus  at 


1.7  V  and  1.5  V  were  observed  on  the  first 
discharge.  The  specific  capacity  of  the  first 
discharge  RT  cells  varied  from  650  to  1000 
mAh/g.  Reversible  specific  capacity  (Qd)  at  the 
second  cycle  ranged  from  250  to  600  mAh/g;  the 
maximal  Qd  is  similar  to  that  of  solid-electrolyte 
batteries  at  135  °C.  After  the  initial  capacity  loss 
over  the  first  five  cycles  a  stable  cycling 
behavior  was  observed.  (Fig.  1).  Most  of  the 
capacity  loss  occured  at  high-voltage  section  of 
the  discharge  curve. 

Fig.  1  Cycle  life  of  Li/hybrid  electrolyte/FeS2  cell 
T=  70°C.  Electrolyte  composition: 

1M  Lilmide,  PEGDME,  EC(1  %V/V), 

Membrane  composition  (75%  porosity): 

60%  (V/V)  PVDF  and  40%  (V/V)  fumed  silica 
id=  ich=0.05mA/cm2 
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A  new  concept  is  proposed  to  realize  solid-state  high- 
performance  lithium-polymer  batteries  in  which  two 
different  polymers  are  used  as  ionically  conductive 
matrices  in  the  cathode  and  in  the  separator. 

The  major  drawback  of  PEO-based  solid  polymer 
electrolyte  (SPE)  is  the  reduced  cationic  transport  at 
ambient  temperature.  The  low  ionic  conductivity  is  due  to 
the  high  degree  of  crystallinity  of  PEO  and  to  the  low 
cation  transference  number.  Ionic  conductivities  of  about 
I  *10 4  S/cm,  which  would  give  current  density  sufficient 
for  high-power  application,  are  obtainable  only  around 
I00°C.  The  problem  is  especially  accentuated  in  the 
cathodic  compartment  where,  due  to  the  presence  of  the 
other  cathodic  components,  the  cross-sectional  area  of  the 
polymer  electrolyte,  i.e.,  the  ionic  conductor,  is  reduced 
[1].  The  low  ionic  conductivity  leads  to  severe  transport 
limitations  in  the  depth  of  the  electrode  thus  reducing  the 
active  material  utilization,  especially  at  high  discharge 
currents. 

To  increase  the  transport  properties  into  the 
cathodic  compartment,  we  propose  to  use  two  different 
polymers  as  ionically  conductive  matrices  in  the  cathode 
and  in  the  separator.  A  low  molecular  weight  polyether  is 
used  in  the  composite  cathode  to  assure  high  ionic 
conductivity  while  a  high  molecular  weight  polyether  is 
used  in  the  electrolyte  formulation 

In  this  work  a  composite  cathode  based  on  a  solid, 
low  molecular  weight  poly(ethylenglycol)  dimethyl  ether 
(PEG-DME,  M.W.  2000),  was  coupled  with  a  SPE  based 
on  poly(ethylenoxide)  (PEO,  M.W.  4xl06).  The 
electrochemical  stability  window,  evaluated  by  a  low  scan 
voltammetry,  shown  that  this  system  has  an  anodic 
breakdown  voltage  higher  than  4.0  V  vs.  Li  (fig.  1).  The 
feasibility  of  two-phase  batteries,  realized  by  using 
different  cathodic  materials,  was  evaluated  by  cycling 
tests.  Batteries  based  on  vanadium  oxide  showed 
excellent  performance  both  at  moderate  (65°C)  and  high 
(100°C)  temperatures  (fig.  2).  Cells  were  cycled  at  65°C 
with  good  utilization  of  the  active  material.  About  48%  of 
utilization  of  active  material  (corresponding  at  140 
mAh/g)  was  attained  in  1.7  hour  discharges.  The 
performance  of  the  cells  cycled  at  100°C  was  very  high  in 
terms  of  specific  energy  and  specific  power.  Cells  were 
cycled  for  more  than  100  cycles.  The  initial  specific 
energy  was  460Wh/kg  with  a  power  density  of  416  W/kg. 
A  capacity  fading  of  about  0.4-0.45  %  per  cycle  affects 
the  cells,  reducing  the  energy  density  upon  cycling. 

The  excellent  performance  of  such  cells  allows 
identifying  the  poor  performance  of  PEO-based  lithium 
polymer  batteries  in  the  reduced  ionic  transport  properties 
into  the  cathodic  compartment.  In  fact,  the  presence  of 
other  components  in  the  composite  cathode  reduces  the 
cross-sectional  area  of  the  polymer  electrolyte.  Especially 
at  high  discharge  rate,  the  concentration  of  lithium  in  the 
polymer  electrolyte  in  the  composite  cathode  is  easily 
depicted  and  the  utilization  of  the  active  material  is 
reduced.  The  use  of  a  composite  cathodes  based  on  highly 
ionically  conductive  matrix  allows  higher  utilization  of 
the  active  material  and  higher  discharge  rate. 
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Potential,  Volt 


Figure  I.  Sweep  voltammetry  of  a  PEO-LiClO4+20% 
y-LiA102  electrolyte  sandwiched  between  a  lithium  disc 
and  a  PEG-DME  composite  carbon  electrode. 
Temperature;  90°C.  Scan  rate;  0.05  mV/sec 

Figure  2.  Specific  capacity  in  charge  (solid  dots)  and 
discharge  (empty  dots)  of  two  V2Os-PEG  composite 


Cycle  number,  # 


cathode/polymer  electrolyte/lithium  cells  discharged  at 
different  temperatures.  Upper  curve:  Current  density  was 
0.16  mA/cm2  for  discharge  and  0.08  mA/cm2  for  charge, 
temperature  65°C,  cathodic  load  (V205)  3.3  mg/cm2. 
Lower  curve:  Current  density  was  0.80  mA/cm2  for 
discharge  and  0.20  mA/cm2  for  charge,  temperature 
100°C,  cathodic  load  (V205)  5  mg/cm2. 
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In  this  work  are  reported  the  tests  on  lithium 
polymer  batteries  using  vanadium  oxide  based  composite 
electrodes  operating  at  moderate  temperatures  (60- 
100°C).  The  work  was  focused  on  the  fabrication  and 
characterization  of  polymer-based  composite  cathodes 
and  electrolytes  for  use  in  such  batteries.  The  work  was 
developed  within  the  ALPE  (Accumulatori  al  Litio  Per 
Electrotrazione,  Lithium  Batteries  for  Electric  Vehicles) 
project,  an  Italian  integrated  project,  devoted  to  the 
realization  of  lithium  polymer  batteries  for  electric 
vehicle  applications. 

Battery  systems  based  on  the  use  of  a  dry- 
polymer  electrolytes  in  conjunction  with  a  lithium  anode 
and  moderate  voltage  cathode  (~3  Volt)  are  finding  a 
renewed  interest  in  the  scientific  and  industrial 
communities.  The  reason  resides  in  the  forecasted  high 
energy,  power  and  safety  performance  that  makes  this 
battery  system  the  most  reasonable  candidate  for  electric 
vehicle  applications. 

Polymer-based  lithium  electrolytes  have  been 
studied  since  the  introduction  of  polymer  electrolytes  in 
19791.  However,  the  use  of  a  polymer  electrolyte  in  a 
battery  requires  a  careful  engineering  of  the  cathode.  As 
an  example,  electrolytes  based  on  high-molecular  weight 
polymers  such  as  polyethylene  oxide)  (PEO),  the  most 
commonly  used  polymer,  are  characterized  by  low  ionic 
conductivity  and  low  density.  A  careful  choice  of  the 
cathode  composition  is  then  needed  to  optimize  both  the 
energy  and  the  power  performance  of  the  device. 
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Figure  1.  Voltage  profiles  of  a  Li/Cu0.iV2O5XRG  polymer 
electrolyte  cell  during  constant  current  (J=0.l  mAcm'2) 
cycle  tests  at  90°C.  Voltage  limits:  3.4V  and  2.0V 


Figure  2.  Cycle  life  performance  of  a  Li/Cuo !  V205XRG 
polymer  electrolyte  cell  during  constant  current  (J=0.1 
mAcm'2)  cycle  tests  at  90°C.  Voltage  limits:  3.4V  and 
2.0V. 
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Lithium  polymer  batteries  are  expected  to 
result  in  the  improvement  of  energy  density  and 
applying  for  versatility  in  the  battery  design 
with  a  plastic  configuration  under  the  relatively 
low  costs.  Now,  two  types  of  lithium  polymer 
batteries  have  been  developed  namely  the  gel 
polymer  electrolyte  type  and  dry  polymer 
electrolyte  type.  The  dry  type  has  the  advantage 
of  better  chemical  stability  and  high  energy 
density.  The  most  important  technology  in  this 
field  is  to  achieve  the  good  cycleabilty,  which  is 
related  to  the  anode /electrolyte  and 
cathode/ electrolyte  interfaces  as  well  as 
electrode  materials.  The  reaction  of  electrolyte 
with  electrode  materials  can  lead  to  a  low 
conductivity  passivation  film  such  as  LiF  and 
LhO. 

It  has  been  reported  [1]  that  the 
poly(ethylene)oxide(PEO)  based  polymer 
electrolyte  was  improved  the  mechanical 
strength  and  interface  properties  between  the 
electrolyte  and  lithium  metal  electrode  by 
addition  of  the  ceramic  fillers  like  y-LiAlC^.In 
this  study,  we  have  prepared  the  composite 
polymer  electrolyte  of  PEO-Li(CF3S02)2N- 
ceramic  fillers(BaTi03,  TiC>2  and  y-Al203)  and 
examined  the  interface  resistance  of  the  cells: 
Li/PEO-composite  polymer  electrolyte /Li  (cell  I) 
and  LiNi0.8Co0.2O2/composite  polymer 
electrolyte/  LiNio.8Coo.2O2  (  cell  II),  and  also,  the 
cycling  performance  of  the  cell,  Li/ composite 
polymer  electrolyte/LiNio.aCoo.202  has  been 
examined  as  a  function  of  the  fillers. 

Figure  1  showed  the  cycling  performance  of 
the  cell  for  electrolyte  with  different  fillers.  The 
cathode  capacity  and  cycling  performance 
depended  on  the  kind  of  the  fillers.  In  the  cell  of 
the  composite  electrolyte  with  10wt%  BaTi03 
showed  the  highest  capacity,  better  cycling 
performance,  and  the  high  coulombic  efficiency 
of  97%.  The  excellent  cell  performance  of  the 
cell  could  be  explained  by  the  interface 
resistance.  Figure2  shows  the  interface 
resistance  of  cell(I)  and  cell(n).  The  interface 
resistance  was  estimated  from  impedance 
analysis  of  the  cell.  The  interface  resistance 
could  be  attributed  to  the  passivation  film  on 
both  anode  and  cathode  interface.  The 
composite  polymer  electrolyte  with  10wt% 
BaTiC>3  showed  the  relatively  stable  and  low 
interfacial  resistances  on  the  both  Li  metal 
anode  /electrolyte  interface  and  the 
LiNio.8Coo.2O2  cathode /electrolyte  interface. 


Figl:  Cycling  performance  ofLi/PEO-LifCFjSOjJzN- 

Fillers/LiNi  os  C00.2O2  cell  at  80°C  ,  i,-ic-0.2mA/cm* 


Fig2:  Time  dependence  of  the  interfacial  resistance 
at  80°C.  (I):  Li/PE0-Li(CF3S02)2N-Fillers/U  cell 
(II):LiNi«  ,Co0  202/PE0-Li(CFjS0:)2N-  Fi1lers/LiNi0  ,Co„  202 
cell 
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Recently,  considerable  attention  has  been  paid  to  the 
investigations  of  lithium-metal-free  batteries0  and  solid- 
state  lithium  rechargeable  batteries.2"4*  If  such  a  rocking- 
chair  type  of  battery  is  constructed  with  only  a  thin-film 
type  of  electrodes  and  electrolytes,  it  will  be  very  compact, 
light  and  highly  reliable,  and  therefore  find  widespread 
application  in  many  types  of  portable  electronic  devices. 
In  this  study,  we  presented  the  electrochemical 
characteristics  of  all-solid-state  lithium-ion  batteries 
composed  of  LiMn204  and  V2Os  electrodes  for  the  first 
time. 

A  thin  film  of  LiMn204  was  prepared  on  a  stainless 
steel  substrate  or  the  like  by  an  rf-magnetron  sputtering 
method  with  a  typical  rf  power  of  100W  and  an  Ar-gas 
pressure  of  10  mTorr.  Next,  a  thin  film  of  solid  electrolyte 
E^PO^N*  was  deposited  on  it  using  the  same  sputtering 
method.4*  Subsequently,  a  V205  negative  electrode  and  a 
V-metal  film  for  a  current  collector  were  deposited  by  the 
sputtering  method.  As  a  result,  an  all-solid-state  lithium- 
ion  battery  was  fabricated  by  only  the  rf-magnetron 
sputtering  throughout  the  cell  preparation  process.  A 
typical  cell  size  was  1cm2  in  area  and  2*  m  in  thickness  as 
a  whole.  Main  experimental  results  of  the  cells  described 
above  were  obtained  as  follows. 

(1)  The  charge-discharge  characteristics  of  the  LiMn204 
/Li3P04.xNx  /V205  cell  operating  in  the  practical  voltage 
range  of  3.0  -  1.2V  were  measured  at  a  current  density  of 
2*  A/cm2.  A  typical  discharge  capacity  was  about 
12*  Ah/cm2.  In  this  case,  the  ratio  between  charge  and 
discharge  capacities  was  nearly  one.  This  means  that  any 
retention  which  is  often  seen  in  solid-state  batteries  does 
not  occur  in  the  present  solid-state  cell. 

(2)  The  cyclic  performance  of  the  LiMn204  /Li3P04xNx 
/V205  chair  cell  was  also  measured  at  a  current  density  of 
4*  A/cm2.  Then,  no  degradation  was  observed  at  least 
until  several  tens  of  charge-discharge  cycles. 

(3)  Next,  two  cells  were  prepared  separately  but 
simultaneously  on  one  substrate  with  the  same  sputtering 
condition.  Then,  each  of  the  cells  showed  almost  the  same 
charge-discharge  characteristics  each  other.  Furthermore, 
these  two  cells  were  connected  in  series  or  in  parallel. 
Then,  the  total  cell  voltage  in  series  and  the  total  current  in 
parallel  could  successfully  be  obtained  as  expected.  These 
experimental  results  indicate  that  the  present  solid-state 
battery  is  endowed  with  the  superior  reliability  or 
reproducibility  which  is  characteristic  of  solid-state 
devices. 

In  summary,  we  have  accomplished  the  lithium-ion 
rechargeable  battery  in  which  all  of  the  electrodes  and  the 
electrolyte  were  simply  made  of  metal  oxides  with  the  dry 
process  of  the  rf-sputtering  method.  As  a  result,  a  very 
light,  compact  and  flexible  dry  cell  with  good  reliability 
was  realized  in  a  completely  solid-state  and  thin-film 
configuration. 
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Introduction 

Space  missions  require  the  use  of  high  specific 
energy  density  and  high  reliability  batteries  to  provide 
power  for  various  applications.  The  lithium-ion  secondary 
batteries  with  high  energy  density  are  promising  for  space 
application.  Moreover,  the  lithium-ion  polymer  batteries  are 
also  considered  for  future  small  satellite  use,  because  it  can 
be  fabricated  for  a  flexible  thin  film  without  electrolyte 
leakage.  However,  the  safety  of  lithium-ion  battery  is  an 
important  problem  during  operation  under  abusive  usage, 
even  using  the  gel  electrolyte.  To  improve  the  safety  of 
lithium-ion  battery  with  gel  electrolyte,  it  is  an  effective 
method  using  gel  electrolyte  with  thermal  shut-down 
function  as  internal  safety  device  1  2).  We  have  successfully 
prepared  a  PVdF-HFP  /  polyethylene  (PE,  with  lower 
melting  point;  90*  )  composite  gel  electrolyte  with  thermal 
shut-down  function  3>.  In  this  work,  we  discuss  the 
mechanism  of  thermal  shut-down  for  the  composite  gel 
electrolyte,  and  tried  to  use  it  to  the  lithium-ion  secondary 
cell. 

Results  and  discussion 

PVdF-HFP  /  PE  composite  gel  electrolyte  was 
prepared  by  casting  the  THF  solution  containing  the  1.0 
mol  /  dm3  LiC104  /  PC  +  EC  (or  LiPF6  /  GBL+EC),  PE  and 
PVdF-HFP.  The  composition  of  resulted  gel  electrolyte  is 
shown  as  Table  1.  When  the  content  of  PE  is  over  23  wt  %, 
the  composite  gel  electrolyte  exhibits  the  ability  to  rapidly 
increase  the  impedance  of  the  electrolyte,  around  the 
melting  point  of  PE.  For  example,  the  impedance  of  the 
composite  gel  electrolyte  with  45  wt  %  PE  can  be  rise 
rapidly  by  about  three  orders  around  90*  .  Figure  1  shows 
the  SEM  observations  of  PVdF-HFP/PE  composite  gel 
electrolyte  before  and  after  thermal  shut-down.  Before 
thermal  shut-down,  the  ultra-fine  PE  particles  was 
uniformly  dispersed  in  the  PVdF-HFP  gel  electrolyte.  After 
shut-down,  the  PE  particles  are  fused  and  formed  a 
continuous  film.  The  PE  continuous  film  can  be  shut-down 
the  ion  diffusion,  which  make  the  electrode  reaction  stop, 
and  prevent  the  thermal  runaway  of  the  cell.  However,  the 
composite  gel  electrolyte  shows  a  lower  ionic  conductivity 
and  poor  on  mechanical  strength.  Thus,  we  prepared  a  three 
layers  film  of  pure  PVdF-HFP  gel  /  composite  gel  /  pure 
PVdF-HFP  gel  for  assembling  a  coin-type  lithium-ion  cell. 
And  the  cell  is  well  worked  at  normal  condition  as  shown  in 
Fig.  2.  In  this  presentation,  we  will  also  report  about  the  cell 
thermal  shut-down  behavior  under  higher  temperature. 
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Table  1  Composition  of  the  composite  gel  electrolyte. 


Component 

Property 

wt  % 

PVdF-HFP 

Mw:  3.2E5;  mp;  158- 

14*  23 

Polyethylene 

mp;  90*  ,  or  104  -  1 15* 

23*  54 

Plasticizer 

1  mol  dm'3,  LiC104  / 

32*  54 

PC+EC  or  LiPF6  /  EC+GBL 

a) 


10'  m 

Fig.  1  Scanning  electron  micrographs  of  cross-section  of 
the  PVdF-HFP/PE  composite  gel  electrolyte,  a),  before 
shut-down,  b).  after  shut-down. 


Time  /  hour 


Fig.  2  Typical  charge-discharge  curves  for  the  coin  type 
lithium  ion  cell  using  PVdF-HFP/PE  composite  gel 
electrolyte  at  ambient  temperature. 
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INTRODUCTION 

The  solid-polymer  lithium  secondary  batteries  have 
been  expected  to  be  used  for  the  electric  vehicles  or  load 
conditioning  devices  from  its  safety  and  high  energy 
density.  M.  Armand  and  his  coworkers  started  the  studies 
on  the  solid-polymer  lithium  batteries  about  three  decades 
agon.  It  is  well  known  that  one  of  the  difficulties  to 
develop  the  practical  batteries  is  low  ionic  conductivity  of 
polymer  electrolytes,  but  problems  on  the  total  battery 
systems  composed  of  all  solid  materials  have  not  yet  be 
clarified.  We  have  developed  4V-cIass  lithium  secondary 
batteries,  whose  electrolyte  is  a  solid  polymer  without 
including  an  organic  solvent  and  the  anode  and  the 
cathode  are  metal  lithium  and  LiCo02 ,  respectively.  Our 
present  achievement  is  over  300  cycles  at  charge- 
discharge  test  of  1/8C  rate.  The  battery  performances  have 
been  greatly  improved  by  investigating  the  solid 
electrolytes,  e.g.,  polymer  structure,  lithium  salt,  the  salt 
concentration,  and  polymerization  method.  The 
characteristics,  and  present  problems  of  the  solid  batteries 
are  discussed  in  this  paper. 

EXPERIMENTAL  PROCEDURE 

To  obtain  the  reasonable  battery  performances  for  the 
4V-  class  solid-polymer  batteries,  we  adopted  the  typical 
LiCo02  -  Li  metal  system.  The  polymer  used  in  this  study 
was  a  random  co-polymer  of  the  ethylene  oxide  and 
propylene  oxide  and  the  lithium  salts  tested  were  lithium 
imide  salts  such  as  LiN(CF3S02)2  (LiTFSI)  and 
LiN(CF3S02)  (C4F9S02) ,  and  LiBF4.  Also  the  electrolytes 
having  various  salt  concentrations  were  prepared.  The 
measurement  of  the  cell  impedance  was  performed  by  AC 
impedance  method.  The  deposited  components  on  the 
lithium  were  determined  by  using  XPS.  The  battery  cycle 
ability  was  obtained  by  constant  current  charge-discharge 
at  C/8  at  60  deg.C..  The  cut-off  voltage  was  in  the  ranges 
between  3.0  and  4.1V. 

RESULT  AND  DISCUSSION 

The  storage  characteristic  of  the  interface 
resistance  is  shown  in  Fig.  1  for  the  batteries  including  the 
three  different  lithium  salts.  The  interface  resistance, 
which  corresponds  to  the  equivalent  circuit  of  the 
interface  resistance  in  the  lithium  symmetrical  cell, 
increased  according  to  the  storage  time  for  the  battery 
systems  having  the  LiBF4  electrolytes.  It  can  be  assumed 
that  the  passive  layer  was  formed  on  the  lithium  surface 
due  to  the  decomposition  of  the  anion.  This  was 
confirmed  by  the  XPS  measurement.  On  the  lithium  metal 
surface,  the  fluorinated  compounds  were  observed  and  its 
concentration  was  also  increased  with  the  storage  time  in 
the  LiBF4  batteries.  The  battery  performance  was  better 
for  the  systems  composed  of  the  imide  salts.  Although  the 
similar  decomposition  was  observed  in  the  batteries 
having  imide  salts,  the  existence  of  the  fluorinated 
components  on  the  anode  was  much  less  than  that  of  the 
LiBF4  system.  It  was  clearly  indicated  that  imide  salt  is 
chemically  stable  in  the  battery  .The  cycle  ability 
decreased  significantly  in  the  LiBF4  system.  Generally 
LiTFSI  is  electrochemically  unstable  over  3.6V,  i.e.  and 
the  corrosion  on  the  aluminum  plate  is  well  known. 


However,  the  corrosion  of  the  current  corrector  was  not 
observed  in  this  present  LiTFSI  system.  The  cycle  ability 
was  achieved  over  300  cycles  with  charge-discharge  test 
with  the  excellent  efficiency  of  approximately  100%.  It 
was  clearly  shown  that  suitable  salt  concentration  is  very 
important  for  the  good  battery  performances  of  the  cycle 
ability. 

CONCLUSION 

To  obtain  the  good  battery  performance  in  the  secondary 
batteries,  we  found  that  the  lithium  salt  and  the  suitable 
salt  concentration  are  important.  The  present  performance 
is  not  yet  good  enough  for  the  practical  usage,  but  it  was 
demonstrated  that  all  solid-polymer  lithium-ion  batteries 
are  possible. 
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Rechargeable  lithium  batteries,  because  of  their  higher 
energy  density,  higher  voltage,  and  longer  shelf  life  than 
competitive  system  like  Ni-metal  hydride  battery,  have 
attracted  much  attention  over  the  last  decade.  Recently, 
‘rocking-chair’  or  ‘lithium-ion’  battery  technology  was 
developed  to  overcome  the  reversibility  and  safety 
problems  associated  with  the  lithium  metal  anode.  In  this 
technology,  lithium  is  confined  to  its  ionic  state,  which  is 
inherently  safer  than  its  metallic  state.  More  recently, 
advances  in  the  miniaturization  of  new  electronic  devices 
such  as  mobile  telephone,  lap-top  computer  and 
camcorder  have  required  greater  innovation  in  the  field  of 
rechargeable  lithium  battery  systems  and  miniaturization, 
unpredictable  ten  years  ago.  Polymer  electrolyte  based 
lithium  batteries  are  actively  being  developed  because  of 
the  advantage  they  offer  in  comparison  to  conventional 
systems  containing  liquid  electrolyte(l,  2).  For  example, 
polymer  electrolyte  based  construction  allows  cell 
fabrication  in  a  variety  of  sizes  and  shapes  including 
spirally  wound,  rectangular  and  Z  folded  geometries. 
Applications  such  as  cellular  phones  and  smart  credit 
cards  require  thin  flat  batteries  which  are  readily 
fabricated  from  polymer  electrolyte  based  systems.  Also, 
the  excitement  in  lithium  polymer  batteries  is  mainly  the 
reduced  thickness  and  weight  reduction  of  the  cell. 
However,  more  time  will  be  needed  before  the  polymer 
battery  gains  a  substantial  share  in  the  lithium  battery 
market.  The  battery  is  not  expected  to  be  an  immediate 
success  in  replacing  the  traditional  lithium  ion  battery; 
however,  because  of  the  advantage  in  safety,  the  lithium 
polymer  battery  will  become  a  key  energy  source  product 
for  the  next  generation. 

The  present  work  is  concerned  with  the  electrochemical 
performance  of  innovative  gel-type  lithium  polymer 
battery  system.  For  this  purpose,  gel-coated  electrolyte 
was  prepared  by  coating  acrylonitrile-methyl 
methacrylate-styrene(AMS)  terpolymer  on  PE(poly 
ethylene)  porous  film.  The  capacity  of  retaining  organic 
electrolyte  solution  ad  mechanical  state  of  the  gel  polymer 
was  found  to  be  dependent  on  the  AN/MMA/ST  molar 
composition  of  the  AMS  terpolymer,  as  previously 
reported(3).  The  gel-type  polymer  electrolyte  supported 
by  PE  film  were  30  to  50  urn  thick  films  which  exhibit 
good  mechanical  strength. 

The  800mAh-class  gel-type  lithium  polymer  battery 
employing  a  carbon  anode,  an  AMS-based  gel-polymer 
electrolyte  and  LiCo02  cathode  was  assembled,  and  its 
electrochemical  performance  was  investigated.  The  gel- 
type  lithium  polymer  battery  showed  high  rate  capability 
and  excellent  cell  capacity  at  low  temperature.  Also,  at  1C 
rate  charge-discharge  cycling,  about  85  %  of  the  initial 
capacity  could  be  recovered  even  after  100  cycles.  From 
the  electrochemical  experiments,  it  is  noted  that  this  gel- 
polymer  electrolyte  based  cell  is  very  attractive  for 
innovative  rechargeable  lithium  battery  system. 
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Fig.  1.  Charge-discharge  curve  of  800  mAh-class  gel-type 
cell  during  the  cell  formation  at  0.1  C  rate. 


Fig.  2.  Charge-discharge  curves  of  800  mAh-class  gel- 
type  cell  at  various  C  rate. 
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Fig.  3.  Discharge  curve  of  800  mAh-class  gel-type  cell  at 
-10  °C. 
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The  all-solid-state  lithium  battery  is  considered  as  one  of 
the  promising  technologies  to  fulfil  the  requirements  of  the 
electrical  vehicles.  In  particular,  metallic  lithium  is  a  good 
candidate  for  the  anode,  since  it  has  a  very  high  theoretical 
specific  capacity.  Nonetheless,  the  formation  of  dendrites 
affects  the  charge  efficiency  of  this  type  of  battery.  Our  aim  is 
to  understand  the  dendritic  growth  mechanism  in  order  to 
prevent  or  to  limit  this  phenomenon. 

In  this  study,  we  have  studied  the  onset  of  dendritic 
growth  in  symmetrical  lithium/polymer/lithium  cells  under 
galvanostatic  conditions,  at  current  densities  ranging  from  10' 
2  to  3  10'1  mA  cm'2,  and  at  temperatures  of  70-100°C.  The 
polymer  electrolyte  consisted  of  polyethylene  oxide) 
(Mw=3.105)  and  of  the  lithium  salt  LiN(CF3SC>2)2 
(abbreviated  in  LiTFSI),  discovered  by  Armand  et  al.  [1].  The 
salt  concentration  in  terms  of  O/Li  ratio  was  26.  We 
performed  experiments  in  cells  consisting  of  two  lithium  foils 
sandwiching  a  polymer  electrolyte  layer  about  50-100|im 
thick. 

In  the  current  density  range  we  have  investigated, 
previous  in  situ  studies  [2]  have  shown  that  the  dendrites  have 
needle- like  morphologies  :  they  appear  as  bright,  metallic 
filaments.  Their  cross  section  is  about  10-20  pm  which  makes 
them  very  fragile. 

We  show  in  Fig.  I  a  typical  time  variation  of  the  cell 
potential  measured  at  a  current  density  J  =  0.1  mA  cm'2. 
After  a  rapid  increase  of  the  potential,  one  observes  a  quasi¬ 
stationary  behavior  for  about  3.5  hours.  Then  a  sudden  jump 
is  observed  (see  the  arrow  in  Fig.  1),  which  is  attributed  to  a 
partial  short-circuit  of  the  cell  by  a  dendrite.  A  rapid 
degradation  of  the  cell  follows. 

We  have  discovered  that  the  time  tcc  at  which  the  potential 
jump  is  observed,  follows  a  power  law  as  a  function  of  J 
(namely  tcc  -  J'2),  very  close  to  the  Sand’s  law  [3]:  the 
Sand’s  time  is  the  time  at  which,  in  a  semi-infinite  electrolyte, 
the  concentration  at  the  negative  electrode  would  go  to  zero. 
However,  in  our  case,  for  a  small  inter-electrode  distance,  and 
at  low  current  density,  the  concentration  is  expected  to  remain 
very  close  to  the  initial  concentration  Cq. 

Moreover,  experiments  performed  at  different 
temperatures  in  the  range  70-100°C  show  that  the  time  tcc 
increases  almost  proportionally  to  the  diffusion  constant  of 
the  ionic  species.  This  again  is  in  agreement  with  the  Sand’s 
behavior. 

We  think  that  this  surprising  result  is  due  to  the  existence 
and/or  formation  of  local  inhomogeneities  at  the  surface  of 
the  electrodes  (related  either  to  the  geometry  of  the  electrode 
or  to  the  passivation  layer).  Due  to  these  inhomogeneities,  the 
concentration  distribution  tends  to  become  non-uniform.  The 
characteristic  time  for  the  onset  of  this  non-uniformity  is 
limited  by  diffusion,  and  depends  on  the  current  density.  A 
preliminary  model  describing  this  effect  predicts  a  Sand-like 
dependence  very  close  to  the  observed  behavior. 


Fig.l  Time  evolution  of  the  cell  potential  (J  =  0.1  mA  cm'2). 
The  arrow  shows  a  sudden  jump,  occuring  when  a 
dendrite  partially  short-circuits  the  cell. 
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Since  the  introduction  of  plastic  lithium  ion  battery 
technology  by  Bellcore  (now  Telcordia)  (1],  poor  low 
temperature  performance  and  low  energy  densities  during 
high  rate  discharge  (compared  to  their  liquid  lithium  ion 
counterpart)  has  been  the  most  blamed  for  the  very  limited 
success  in  various  portable  applications.  High  intra- 
electrode  resistance  as  well  as  transport  limitation  within 
the  electrodes  causes  premature  voltage  drop  to  a  cut-off 
during  discharge,  preventing  complete  drain  of  charged 
batteries.  In  our  efforts  to  solve  this  problem,  we  have 
found  that  the  high  electrode  resistance  and  poor  electrode 
utilization  is  a  result  of  poor  dispersion  of  electrode  active 
particulates,  And  the  amount  of  plasticizer  added  during 
electrode  preparation  strongly  dictates  the  uniform 
distribution  of  carbon  black  conductive  additives. 

According  to  Telcordia  technology,  plasticizer  added  in  the 
binder  renders  temporary  flexibility  to  electrode  film  and 
easiness  in  lamination  with  separator  film  by  lowering 
melting  point  of  polymer  material  to  make  battery  structure. 

To  prepare  electrodes  we  have  followed  Telcordia 
description  [1]  such  that  LiCo02  and  MCMB  are  added 
into  a  binder  solution  along  with  appropriate  conductive 
agents  and  plasticizer  to  cast  into  electrode  films.  The 
materials  adopted  for  this  study  were  Kynar  2801  (Elf 
Atochem)  as  a  binder,  acetone  as  a  casting  solvent,  and 
dibuthyl  phthalate  (DBP)  as  an  extractable  plasticizer.  DBP 
was  removed  ,  after  cell  fabrication,  with  ether  to  make  the 
electrode  binder  permeable  to  lithium  ions.  Half  cells  were 
fabricated  with  electrode  films  with  varied  DBP  content. 
Electrolyte  was  1M  LiPF6  in  EC/EMC  solution  throughout 
this  study.  Examined  were  electrode  physical  properties, 
surface  morphology,  ac  impedance,  and  charge/discharge 
behavior. 


In  general,  we  have  observed  that  the  discharge 
capacity  at  high  drain  rates  improves  with  DBP  content  in 
the  pristine  electrode  film  as  shown  in  Figure  1 .  The 
increased  capacity  can  be  attributed  to  the  increase  in 
electrode  porosity.  The  higher  DBP  amount  in  the  film, 
which  acts  as  a  pore  former,  the  higher  void  space  left 
behind.  Figure  1  also  demonstrates  a  far  less  voltage  drop 
during  discharge  at  higher  DBP  contents  as  indicated  by  the 
capacity  difference  between  3.3V  and  3.6V  termination. 
SEM  pictures  (Figures  2  and  3)  exhibit  very  interesting 
features  on  the  dispersion  of  cathodes  -  one  with  poor 
contacts  of  LiCo02  particles  with  conductive  carbon 
matrix,  the  other  with  very  intimate  inter-mixing.  Figure  3 
shows  the  surface  of  the  electrode  prepared  with  a  film  with 
42  vol  %  of  DBP  while  Figure  2  that  with  36%.  It  can  be 
expected  or  speculated  that  surplus  amount  of  plasticizer 
enhances  dispersion  of  carbon  black  by  saturating 
micropores  in  the  carbon  aggregates  and  reduces  surface 
energy  to  bring  about  more  uniform  mixing.  Or 
alternatively,  excessive  amount  of  DBP  expands  the  volume 
of  binder-carbon  black  mixture  to  fill  up  the  electrode  void 
space  more  easily. 
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Figure  1.  Relative  capacities  of  cathode  within  various  DBP 
at  each  cut-off  voltage. 


Figure  2  and  3.  SEM  Images  of  cathodes  prepared  with  36 
and  42  vol%  DBP,  respectably. 
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Introduction 

Many  Li-ion  batteries  and  Li-ion  polymer  batteries 
contain  PVdF-based  polymers  as  electrode  binders1  and 
gel  electrolytes2.  Whilst  PVdF-based  polymers  show 
good  chemical  and  electrochemical  stability  in  the  Li- 
ion  cell  environment,  their  performance  can  be 
improved  by  use  of  grafted  additives3.  Areas  that  have 
been  considered  for  development  include: 

1  improvement  of  the  adhesion  of  the  electrodes  to 
current  collectors, 

2  development  of  a  thin  conductive  layer  on  current 
collectors, 

3  modification  of  the  solubility  characteristics  of  the 
polymer,  and 

4  modification  of  polymer  properties  to  increase 
uptake  of  electrolyte. 


Small  0.5  Ah  soft-packaged  graphite  -  LiCo02  test 
cells  have  been  fabricated  containing  dimethyl 
acrylamide  grafted  PVdF  in  the  electrolyte  layer.  Cells 
containing  such  electrolyte  films  exhibit  stable  cycle 
behaviour  as  illustrated  in  Figure  1 . 

Conclusions 

Improvements  to  the  properties  of  PVdF-based 
polymers  have  been  demonstrated  by  the  use  of  grafted 
additives.  In  particular,  improvements  in  adhesion  and 
changes  to  solubility  characteristics  have  been 
achieved. 

Table  1  Effect  of  use  of  AA-g-PVdF  on  adhesion  of 
composite  anode  to  copper  current  collector 


A  range  of  additives  have  been  grafted  onto  PVdF- 
based  polymers  and  assessed  for  these  properties. 
Grafting  is  achieved  by  first  subjecting  the  base 
polymer  to  irradiation  to  activate  the  substrate.  The 
graft  monomer  material  is  then  brought  into  contact 
with  the  polymer.  The  degree  of  grafting  is  determined 
by  several  factors,  including  contact  time  with  the  graft 
monomer,  the  extent  of  substrate  pre-activation,  the 
extent  to  which  the  graft  monomer  can  penetrate  the 
substrate  and  reaction  temperature. 

Results 

An  improvement  in  the  adhesion  of  electrodes 
containing  PVdF-based  polymers  to  current  collectors 
has  been  obtained  by  use  of  acrylic  acid  (AA)  or 
methacrylic  acid  (MAA)  grafted  PVdF.  For  example, 
peel  tests  were  performed  on  composite  anodes  with 
copper  current  collectors  according  to  ASTM  D1876- 
72.  The  results  of  such  tests  are  given  in  Table  1 .  It  can 
be  seen  that  the  adhesion  of  the  composite  electrode  to 
the  copper  current  collector  in  significantly  improved 
by  use  of  AA-g-PVdF  as  electrode  binder. 


Mean  value 
of  3  samples 

Average  load 
N 

Maximum 

Load 

N 

Average 

strength 

Nmm'1 

PVdF 

0.107 

0.525 

0.0043 

AA-g-PVdF 

0.222 

0.908 

0.0089 

Figure  I  Cycle  performance  of  Li-ion  polymer  cell 
containing  DMAM-g-PVdF  polymer  electrolyte 


The  use  of  dimethyl  acrylamide  (DMAM)  has  been 
evaluated  as  graft  additive  to  PVdF  to  modify  the 
solubility  characteristics  of  PVdF.  Homopolymer  PVdF 
is  soluble  in  aprotic  polar  solvents  at  room  temperature, 
such  as  dimethyl  acetamide,  dimethyl  formamide  and 
N-methyl  pyrrolidinone4.  However,  homopolymer 
PVdF  grafted  with  15  wt%  dimethylacrylamide  is 
soluble  in  acetone.  Such  modifications  to  the  polymer 
characteristics  increase  the  options  available  for  mix 
formulation. 
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1.  Introduction 

An  active  development  of  solid  thin-film  lithium  polymer 
batteries  (LPB's)  is  closely  associated  with  solving  the  problem  of 
highly  energy-intensive  and  environmentally  pure  power  sources 
useful  for  both  the  power  industry  (to  decrease  peak  loads  of 
electric  power  stations,  electric  cars)  and  low-power  electric 
devices.  The  main  advantage  of  LPBs  is  the  possibility  of  putting 
the  battery  into  a  necessary  shape,  the  battery  being  a  part  of 
devices  as  a  construction  material. 

A  success  in  developing  LPBs  is  intimately  bound  up 
with  the  search  for  film-forming  Composite  Cathode-electrolyte 
systems  (CC-Es)  consisting  of  a  Li+  -conducting  solid  polymer 
electrolyte  (SPE)  [1,2]  and  highly  energy-intensive  active  cathode 
material  dispersed  in  the  SPE. 

This  work  is  aimed  at  the  search  for  and  production  of 
such  thin-film  CC-ES  with  the  use  of  the  TiS2-SPE  system, 
determination  of  its  conductivity  dependence  on  the  filler  content. 

2.  Experimental 

One  of  the  promising  to  improve  operating 
characteristics  of  SPEs  used  at  normal  temperatures  is  the 
employment  of  non-regular  polymers,  in  particular,  co-polymers, 
as  a  matrix.  This  allows  physical  and  chemical  properties  of  the 
electrolytes  under  consideration  to  be  optimized  for  a  maximum 
ionic  conductivity  to  be  achieved. 

Our  preliminary  results  summarized  in  Table  1  show  that 
the  most  suitable  electrolyte  compositions  (for  their  conductivity 
and  physical  and  chemical  properties)  are  those  with  LiCI04 
based  on  two  co-polymers:  poly  (acrylonitrilestyrene)  and  poly 
(acrylonitrilevinylacetate).  The  two  are  readily  soluble  in  acetone 
and  formamide,  respectively.  As  a  filler  in  CC-ES  titanium 
disulfide  (TiS2)  has  been  chosen.  It  is  satisfactorily  compatible 
with  the  above  polymers. 


Properties  of  TiS2  are  presented  in  [3-5], 

Table  1 .  Composition  and  ionic  conductivity  of  SPE  films  based 
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The  following  co-polymers  were  used  in  the  work: 
SANS-poly  (acrylonitrilestyrene)  and  AN-VA-poly 
(acrylonitrilevinyl  acetate). 

As  a  plasticizer  and  additional  donor  of  Li+  ions  an 
aprotic  electrolyte  (EPIEL)  was  used  in  the  CC-ES.  The 
electrolyte  with  a  high  PC  content  is  1M  LiCI04  in  propylene 
carbonate:  dimethoxyethane  with  a  conductivity  of  1,2*1  O'2  S/cm. 
Its  weight  composition  corresponds  to  LiCI04  (9,2%)  -  PC 
(69,2%)  -  DME  (21,6%),  d=l,2  g/cm.. 

The  method  of  producing  CC-ES  films  comprises  the 
following  steps: 

1.  Preparation  of  solution  of  dry  LiC104  in  anhydrous  acetone 
(9%  solution  for  SAN)  or  dimethylformamide  (6%  solution  for 
AN-VA). 

2.  Stirring  of  the  solution  with  a  calculated  amount  of  co¬ 
polymers  in  a  magnetic  stirrer  for  6  to  8  hours  until  a  viscous 
polymer  electrolyte  is  produced. 

3.  Milling  and  drying  of  TiS2  powder  (at  200  °C  in  vacuum  over 
P205  for  2  hours) 

4.  Impregnation  of  the  TiS2  powder  with  a  solution  of  aprotic 
electrolyte  -  EPIEL  for  2  hours. 

5.  Dispersion  of  the  TiS2  powder  in  co-polymer  solution  for  2 
hours  in  a  ultrasound  disperser. 

6.  Applying  of  liquid  CC-ES  to  a  glass  substrate  in  a  dry  box 
under  argon  by  casting. 

7.  Drying  of  the  CC-ES  films  in  a  vacuum  drier  over  P205  for  20 
to  48  hours  at  30  to  35  °C. 

It  has  been  found  that  in  introducing  more  than  40% 
disperse  filler  into  the  polymer  electrolyte  matrix  both  composite 
systems  become  more  electroconductive,  and  with  further 
increasing  titanium  disulfide  content  the  conductivity  increases  by  3 
to  4  orders  in  comparison  with  the  initial  SPEs.  Within  the  62  - 
65%  filling  range  CC-ES  films  based  on  the  two  polymer 
electrolytes  possess  satisfactory  mechanical  properties  and 
strength.  The  composite  with  more  than  65%  filling  losses 
elasticity  and  become  brittle. 

The  transition  from  purely  ionic  conductivity 
characteristic  of  SPEs  to  ion-electron  one  inherent  to  CC-ESs 
involves  a  change  in  the  structure  of  composite  system  with 
increasing  the  degree  of  its  filling  This  results  in  the  formation  of  a 
continuous  cluster  from  the  filler  particles.  In  other  words,  a 
certain  part  of  the  disperse  filler  forms  a  continuous  phase  from  the 
particles  which  are  in  contact  with  each  other  thereby  providing  the 
appearance  of  conducting  ways.  Studies  of  the  structure  of  CC- 
ESs  carried  out  with  a  scanning  electron  microscope  verify  the 
formation  of  continuous  electron-conducting  phases  (clusters)  of 
the  filler  with  increasing  its  concentration  in  the  system. 

3.  Conclusions. 

1.  CC-ESs  films  based  on  co-polymers  of  polyacrylonitrile  with 
titanium  disulfid  have  been  produced  for  the  first  time.  A 
dependence  of  ion-electron  conductivity  of  CC-ESs  on  the  filler 
concentration  has  been  established.  An  optimum  TiS2  content 
has  been  shown  to  be  within  the  62-65%  range  of  the  total 
mass  of  composite  whose  conductivity  is  ~10  2  S/cm. 
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Introduction  :  To  increase  the  capacity  of  carbon 
electrodes  for  use  in  lithium  ion  secondary  batteries,  coke 
carbon  was  modified  with  mesophase-pitch  carbon  by  a 
heat  treatment1’.  In  the  present  paper,  we  attempted  to 
investigate  the  lithium  insertion  into  the  modified  carbon 
using  solid-state  7Li-nuclear  magnetic  resonance  (7Li- 
NMR)  spectroscopy. 

Results  and  Discussion  :  Modified  cokes  were  obtained 
by  heat-treatment  at  800,  1000,  and  3000*  ,  where  coke 
carbon  itself  was  at  first  heated  at  3000  °C.  Figure  1 
shows  the  7Li-NMR  spectra  of  the  modified  cokes 
charged  to  0V(vs.  Li/Li+).  The  main  peaks  accompanied 
by  spinning  side  bands  were  clearly  observed  at  43.9, 
44.4,  and  43.6ppm.  The  other  peaks  were  observed  at  ca. 
17  ppm  as  shown  in  Figs.  1  (b)  and  (c)  for  the  modified 
coke  heat-treated  at  800  and  1000  °C.  The  spinning  side 
bands  corresponding  to  these  peaks  did  not  appear.  The 
peak  at  about  45  ppm  indicated  that  the  first-stage  Li- 
GIC(LiCft)  is  present  2-  3),  and  the  ca.  17  ppm  peak 
indicated  that  lithium  was  stored  in  the  modified  part 
showing  more  ionic  character  as  the  modified  carbon  was 
charged  to  0  V. 

The  dynamic  behavior  of  the  intercalated  Li  nucleus 
was  evaluated  using  the  spin-lattice  relaxation  time  (Tx). 
The  T\  values  for  the  modified  coke  heat-treated  at 
different  temperatures  are  shown  in  Table  1.  The  7*i 
values  of  the  modified  coke  heat-treated  at  800,  1000,  and 
3000*  showed  almost  identical  values  of  1.8  s  in  the 
graphite  part  as  they  are  charged  to  0V.  However,  the 
values  of  the  modified  part  of  the  heat-treated  carbon  at 
800  and  1000*  are  significantly  different  compared  with 
that  of  the  graphite  part,  which  are  0.38  s  and  0.63  s, 
respectively.  This  means  that  the  Li  nucleus  stored  in  the 
modified  layer  can  move  more  freely  compared  with  that 
in  the  graphite  part.  For  the  1000  °C  heated  carbon,  Tx 
increased  about  two  times  from  0.87  s  to  1.8  s  in  the 
graphite  part  charged  from  0.1  V  to  0  V,  which  suggests 
Li-GIC  changed  from  the  second  stage  (LiC18)  to  the  first 
stage  and  the  dynamic  behavior  of  the  Li  nucleus  was 
restricted  as  the  Li  density  in  this  stage  increased.  On  the 
other  hand,  T\  values  in  the  modified  part  and  bulk 
mesophase-pitch  carbon  itselffnot  shown  here)  heated  at 
800 


and  1000  °C  did  not  change  so  much  charged  from  0.2  V 
or  0.1  V  to  0  V.  This  may  suggest  modified  layer  does  not 
form  a  stage  structure. 
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Fig.  1  ^Li-NMR  spectra  of  modified  coke  charged  to 
0V  in  the  scond  cycle. 

(a)  HTT  3000*  ,(b)  HTT  1000*  ,  (C)HTT  800* 

Ref.  is  LiCl  (A  =  0,0)  *:  ssb  {spinning  side  bands  of  stagdT 


Table  1  Relaxation  time  of  modified  coke. 


Sam  pie 

graphite  part  modified  part 

modified  coke  -  HTT  3000  • 
charged  to  0V 

1.8  '  ’ 

modified  coke  -  HTT  1000. 
charged  to  0.2V 

•  2 

0.48 

modified  coke  -  HTT  1000  • 
charged  to  0.1  V 

0.87 

_  ♦  3 

modified  coke  -  HTT  1000  . 
charged  to  0V 

1.8 

0.38 

modified  coke  -HTT  800  . 
charged  to  0V 

1.8 

0.63 

•  1  :  Only  one  peak  appeared,  and  Li  in  the  graphite  part  and  in 

the  modified  part  could  not  be  distinguished. 

•2  :  Li  is  not  present  in  the  graphite  part  at  this  potential. 

*  3  :  Signal  is  too  small  to  analyze  the  data  although  Li  is  present. 
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Graphite  anodes  in  lithium  ion  cells  have  to  be 
protected  by  a  film  of  electrolyte  decomposition  products, 
which  in  ideal  cases  is  lithium  permeable,  but 
electronically  insulating.  This  film,  known  as  solid- 
electrolyte-  interphase  (SEI),  halts  the  electrolyte 
decomposition  while  permitting  cell  operation,  but 
inevitably  involves  the  consumption  of  both  lithium  and 
electrolyte,  leading  to  a  loss  in  charge  called  the 
irreversible  capacity,  Cirr.  Minimising  Cirr  while  still 
forming  a  functioning  SEI  is  clearly  advantageous. 

One  route  to  efficient  SEI  formation  involves 
surface  treatment  of  the  graphitic  materials  prior  to  the 
employment  of  the  carbon  in  the  electrode.  Treatment 
with  oxygen  and  carbon  dioxide  at  elevated  temperatures, 
for  example,  has  been  shown  to  lower  Ci„  [I].  In  this 
contribution,  we  investigate  the  suitability  of  two  different 
graphitic  materials  as  model  materials  for  surface  studies 
using  X-ray  photocmission  spectroscopy  (XPS). 

Graphite  basically  possesses  two  kinds  of  surfaces, 
prismatic  (edge)  surfaces  and  basal  plane  surfaces. 
Whereas  the  basal  plane  surfaces  of  graphites  essentially 
contain  only  carbon  atoms,  the  surface  chemistry  of  the 
prismatic  planes  includes  various,  mostly  oxygen  surface- 
groups,  such  as  carboxyl-  and  hydroxyl-groups,  for 
example.  With  regard  to  a  modification  treatment  with 
gaseous  reactants  at  elevated  temperatures,  the  chemical 
composition  of  the  prismatic  surfaces  may  be  changed 
significantly,  i.e.,  these  are  the  surfaces  of  interest  for 
XPS  analysis.  In  contrast,  the  basal  planes  of  single¬ 
crystal  graphite  are,  in  any  case,  rather  unreactive.  With 
regard  to  anode  performance,  again  the  surface  chemistry 
and  morphology  of  the  prismatic  surfaces  of  graphite  play 
a  major  role  in  chemical  and  electrochemical  reactivity, 
interaction  with  SEI  products,  etc.  [1]  Finally,  it  should  be 
noted  that  transport  of  either  solvated  or  unsolvated 
lithium  cations  take  place  via  the  prismatic  planes  rather 
than  the  basal  planes. 

The  materials  investigated  were  TIMREX®  SFG 
44  (TIMCAL  AG)  graphite  powder  and  Thornel®  P100S 
carbon  fibres  (Amoco).  SEM  micrographs  show  that  the 
SFG  44  powder  consists  of  small  platelets,  with  a 
relatively  small  proportion  of  the  surface  area  consisting 
of  prismatic  planes.  In  contrast  the  PI 00  S  fibre  cross- 
section  shows  a  radial  distribution  of  graphitic  layers, 
ensuring  that  the  fibre  surface  is  dominated  by  prismatic 
planes.  Both  of  these  materials  were  subjected  to  four 
different  surface  pre-treatments:  C02  and  02  treatment  at 


elevated  temperatures,  [1]  and  two  at  present  proprietary 
treatments,  PI  and  P2. 

XPS  survey  spectra  were  used  to  determine  the 
surface  elemental  composition  of  the  treated  and  untreated 
materials.  C  Is  spectra  can  be  used  to  determine  the 
chemical  state  of  the  surface  C  groups.  We  discuss  the 
peak  assignments  and  lineshapes  appropriate  to  the 
graphitic  C  Is  photoemission,  and  the  uncertainties 
involved  in  using  curve  fitting  to  extract  surface  chemical 
composition.  The  peak  assignments  for  C-0  bonds  were 
taken  from  the  work  of  Sherwood  et  al.  (2]. 

The  XPS  data  show  that  there  is  very  little 
variation  in  the  surface  elemental  composition  between 
SFG  44  graphite  powder  samples  regardless  of  surface 
treatment,  with  C  and  0  percentages  essentially  constant 
at  around  95  %  and  5%  respectively.  Similarly  the  SFG 
44  C  Is  lineshapes  show  very  little  change  with  treatment, 
with  the  relative  C-0  group  percentage  changes  observed 
being  of  the  order  of  the  uncertainties  in  the  curve  fitting 
procedure. 

In  contrast  the  P100S  fibre  data  show  wide 
variation  in  surface  chemistry,  depending  on  the  surface 
treatment  followed.  Surface  elemental  composition  was 
found  to  vary  from  70  %  carbon  for  the  two  propriety 
treatments,  to  95  %  carbon  for  C02  treatment,  with 
significant  and  sometimes  dramatic  changes  in  the  C  Is 
lineshape,  showing  a  wide  variation  in  the  relative 
percentages  of  different  O  functional  groups.  In  particular 
treatment  P2  resulted  in  only  4%  graphitic  carbon 
remaining  on  the  surface,  with  the  remaining  surface 
carbon  signal  being  distributed  quite  widely  among 
several  different  C-0  groups. 

We  suggest  that  the  SFG  44  XPS  signal  is 
dominated  by  the  basal  plane,  whose  chemistry  remains 
essentially  unchanged  with  surface  treatment.  The  P100S 
data,  however,  are  dominated  by  the  prismatic  planes  of 
interest,  and  therefore  we  are  able  to  directly  observe  the 
surface  chemistry,  which  is  thought  to  be  relevant  to  SEI 
formation.  Further  experiments  were  carried  out  using 
SFG  6  powder,  with  a  smaller  average  particle  size  than 
SFG  44  (3pm  cf.  22pm)  and  thus  a  larger  proportion  of 
prismatic  surface  area.  However,  even  the  surface 
treatment  which  produced  the  most  dramatically  altered 
surface  chemistry  for  the  PI 00  S  fibres,  proprietary 
treatment  P2,  did  not  produce  a  significant  change  in  the 
SFG  6  C  Is  lineshape. 

We  conclude  that  the  XPS  investigations  of 
graphitic  carbons  are  strongly  influenced  by  the  texture  of 
the  respective  material,  in  particular  by  the  amount  of 
prismatic  surfaces  exposed  to  the  X-ray-beam. 
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Several  tens  of  millions  of  lithium-ion  cells  are  manufac¬ 
tured  monthly  worldwide.  For  the  market  success  of  the 
final  products,  fast  and  reliable  component  characteriz¬ 
ation  tools  are  needed,  since  component  quality  is  crucial. 
Carbonaceous  materials  are  used  in  both  electrodes  of  a 
lithium-ion  battery.  Raman  spectroscopy  is  well  suited  for 
an  analysis  of  the  structural  properties  of  carbons.  More¬ 
over,  even  the  electroactive  oxides  used  in  positive  elec¬ 
trodes  can  readily  be  characterized  by  Raman  spectro¬ 
scopy.  The  surfaces  of  the  electrodes  are  not  homogen¬ 
eous  and  typically  reveal  one  or  two  types  of  carbon 
and/or  an  oxide,  a  binder,  and  occasionally  an  additive, 
hence  a  lateral  resolution  at  the  electrode  surface  corre¬ 
sponding  to  a  typical  particle  size  of  a  few  Jim  must  be 
achieved  in  order  to  successfully  characterize  each  com¬ 
ponent  individually.  The  required  resolution  can  be 
accomplished  with  surface  mapping  techniques  based  on 
Raman  microscopy.  It  was  the  aim  of  the  present  work  to 
demonstrate  that  the  Raman  mapping  technique  is  suitable 
for  a  quality  control  of  battery  electrodes. 

The  spectrum  seen  in  Fig.  1  shows  that  Raman 
microscopy  is  able  to  differentiate  the  main  components  of 
a  commercial  cathode.  From  the  well-developed  signals  in 
the  wavenumber  range  from  900  to  1200  cm*1,  which  are 
assigned  to  second-order  modes  of  LiCo02,  we  infer  that 
the  manufacturer  of  this  electrode  used  a  well  crystallized 
pigment,  while  the  spectral  features  due  to  the  carbon 
matrix  indicate  that  pyrolytic  carbon  was  used  as  the 
conductive  filler.  The  arrows  point  to  the  bands  used  a 
follow-up  evaluation  performed  to  illustrate  the  distrib¬ 
ution  of  LiCoOi  and  pyrolytic  carbon,  which  is  shown  in 
Fig.  2  for  that  particular  electrode  sheet.  On  the  gray  scale 
employed,  lightness  is  proportional  to  the  ratio  R,  defined 
as  R  =  I(Alg-mode,  LiCo02)/I(2D-band,  carbon).  There¬ 
fore,  darker  shades  correspond  to  spots  with  low  or  zero 
LiCo02  content,  whereas  the  light  gray  zones  correspond 
to  areas  with  higher  amounts  of  LiCo02.  Further  analysis 
of  the  Raman  map  allows  one  to  calculate  the  band 
position  and  linewidth  at  each  point  of  the  map  where 
signals  of  LiCo02  are  present.  In  this  way  a  fingerprint  is 
obtained  for  a  particular  electrode.  For  example,  Fig.  3 
shows  the  distribution  of  band  positions  for  two  different 
cathodes.  For  cathode  A,  the  average  value  of  the  band 
position  of  the  Alg-mode  is  585.7  ±  4.0  cm*1  (set  of  band 
positions  at  87  sites),  while  cathode  B  is  characterized  by 
an  average  band  position  of  587.1  ±  12.0  cm*1  (set  of  163 
band  positions).  Similar  calculations  can  be  performed  on 
linewidths  and  intensity  ratios.  With  this  approach, 
therefore,  possibilies  open  up  to  correlate  a  set  of  Raman 
fingerprints  for  each  electrode  type  with  the  performance 
of  the  same  electrode  in  a  lithium-ion  cell. 


Ei&  ll  Raman  spectrum  for  the  surface  of  a  typical 
cathode. 


X  Axis  /  M-m 

Eig-  2:  Map  of  band  intensity  ratios  R  obtained  by 
Raman  microscopy  for  the  surface  of  a  typical 
cathode. 


Eig-  3:  Distribution  of  band  positions  of  the  Alg-mode  of 
LiCo02  recorded  for  two  different  cathodes,  A 
and  B. 
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The  interest  in  lithium  and  lithium  ion  polymer 
batteries  is  motivated  by  their  high  applicability  in  a  wide 
range  of  devices,  such  as  microelectronics  and  electric 
vehicles.  During  the  years  a  considerable  effort  have  been 
made  to  improve  the  performance  of  the  batteries.  The 
present  work  mainly  concerns  the  optimization  of  the 
individual  components  (polymer  electrolyte  (PE), 
cathode,  anode)  and  the  strive  for  better  compatibility 
between  the  PE  and  electrodes.  However,  despite  a  large 
number  of  studies  devoted  to  the  different  properties  of 
the  components  themselves  [1-3],  there  are  very  few 
investigations  concerning  dynamical  processes  occurring 
during  battery  operation  [4],  However,  it  is  clear  that 
applied  potential  will  cause  not  only  a  current  of  lithium 
cations  through  the  PE  but,  obviously,  an  opposite  flow  of 
negatively  charged  species  will  appear  as  well.  Such  a 
situation  may  result  in  essential  structural  changes  and 
concentration  redistribution  inside  the  PE  membrane, 
which,  in  turn,  may  significantly  change  the  properties  of 
the  material.  Therefore  a  knowledge  of  dynamical 
properties  of  the  polymer  electrolyte  becomes  extremly 
important. 

To  obtaine  dynamical  information  about  the 
structural  and  compositional  variations  in  polymer 
electrolytes  under  applied  potential,  we  designed  a  special 
chamber,  which  allows  simultaneous  control  of  external 
(temperature  and  atmosphere)  and  electrochemical 
(applied  current/potential)  conditions  (Fig.  1).  In  addition, 
since  the  diameter  of  the  laser  spot  in  micro-Raman 
experiments  is  significantly  less  than  the  typical  thickness 
of  an  investigated  membrane  (3-10  vs  200-500  pm),  it 
allows  determination  of  concentrational  profiles  of 
different  components  in  the  system  through  the  membrane 
crossection. 

In  this  work  we  present  the  results  of 
spectroelectrochemica!  study  of  several  typical  PE 
systems.  Figure  2  shows  Raman  spectra  of  a  polymer  gel 
electrolyte  (LiC104  -  etylene  carbonate  (EC)  - 
polyacrylonitrile  (PAN))  recorded  at  three  different 
positions  in  the  sample:  near  the  two  electrodes  and  in  the 
middle  of  the  membrane.  It  is  clearly  seen  that  while  the 
initial  material  is  highly  homogenious  (plot  A),  an 
essential  redistribution  of  the  Li  cations  through  the 
membrane  crossection  appears  when  an  external  potential 
is  applied  (plot  B).  We  note  an  intensity  increase  of  the 
spectral  bands  at  about  730  and  907  cm'1  characteristic  for 
Li-solvent  complexes  [3]  (marked  with  asterisk)  and  an 
appearance  of  a  pronounced  high  frequency  shoulder  near 
the  spectral  band  of  V|(C104')  (marked  with  arrow),  that 
may  be  attributed  to  the  creation  of  solvent  shared  ion 
pairs  [3].  In  addition  to  these  changes,  which  indeed  are 
expected,  we  also  note  an  essential  decrease  of  the  PAN 
concentration  at  the  SS  side  of  the  sample.  It  is  seen  that 
the  characteristic  band  of  CsN  stretchnings  of  PAN 
(around  2220  cm'1)  is  absent  near  the  SS  electrode. 

Concentrational  and  compositional  changes 
occurring  in  different  PE  at  battery  operation  will  be 
discussed  and  analysed. 


Micro-Raman  setup 


Fig.  1.  Schematic  presentation  of  the  chamber  for  in  situ 
spectroelectrochemical  investigations.  1  -  battery 
assembly;  2  -  purging  inlet/outlet;  3  - 
potentiostat/galvanostat  connection. 


Raman  shift  (cm-1) 


Fig.  2.  In  situ  Raman  spectra  of  the  LiC104-EC-PAN 
polymer  gel  electrolyte:  A  -  initial  membrane, 

B  -  during  Li  current  flow. 

Current  flow  direction:  Li->SS  (stainless  steel). 
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The  technique  of  neutron  depth  profiling  (NDP) 
permits  the  analysis  of  depth  profiles  in  thin  films  up  to  a 
few  micrometers  for  several  light  elements.  The  most 
readily  analyzed  elements  are  lithium,  nitrogen  and  boron. 
Lithium  of  course  is  the  principal  element  in  the  subject 
of  this  conference,  although  many  of  the  materials  also 
contain  nitrogen.  The  lithium  depth  profiles  are  based  on 
the  measurement  of  the  energy  of  alpha  particles  and/or 
tritons  from  the  6Li(n,a)3H  reaction.  Nitrogen  depth 
profiles  are  based  on  the  measurement  of  the  energy  of 
protons  from  the  14N(n,p),4C  reaction.  Samples  are 
placed  in  a  beam  of  “cold”  neutrons,  and  the  outgoing 
charged  particles  are  measured  by  surface  barrier 
detectors,  which  record  both  the  number  and  energy  of  the 
particles.  Comparing  the  emission  intensity  with  that  of  a 
known  standard  leads  to  quantitative  determination  of  the 
lithium  and  nitrogen  concentrations.  The  emitted  charged 
particles  lose  energy  as  they  exit  the  film;  this  energy  loss 
provides  a  direct  measurement  of  the  depth  of  the 
originating  lithium  nucleus.  A  great  advantage  of  the 
NDP  technique  is  that  it  is  non-destructive,  which  allows 
repeated  observations  of  the  concentrations  under 
different  conditions.  When  combined  with  other 
techniques,  e.g.,  activation  analysis,  ratios  to  other 
constituents  can  be  determined. 

Figure  1  gives  an  example  of  the  technique. 

Two  samples  of  lipon  manufactured  under  different 
conditions  have  been  profiled.  The  concentrations  in 
at/cm3  are  presented  as  a  function  of  depth.  Because  the 
alpha  particle  loses  energy  at  a  greater  rate  than  the 
proton,  the  resolution  for  the  lithium  profile  is  better  than 
that  for  nitrogen.  One  observes  that  the  sample  Y245  has 
a  much  more  uniform  distribution  of  lithium  than  sample 
Y239.  By  integrating  the  areas  under  the  curves,  one 
obtains  the  average  concentration  ratio  of  lithium  to 
nitrogen.  Table  I  gives  measured  lithium/nitrogen  ratios 
and  the  thicknesses  of  four  lipon  samples. 

The  method  can  also  be  combined  with  other 
techniques  to  provide  other  isotope  ratios.  Figure  2  gives 
lithium  depth  distributions  for  two  thin  films  of  LiCo02. 
After  the  depth  distributions  were  obtained,  the  samples 
were  encapsulated  in  polyethylene  “rabbits”  for 
irradiation  in  the  core  of  the  NIST  reactor.  The  total 
cobalt  content  concentration  was  then  determined  by 
instrumental  neutron  activation  analysis.  Table  II  gives 
the  lithium/cobalt  atom  ratios  for  these  and  other  samples. 

The  data  acquisition  method  and  data  analysis 
techniques  are  explained.  Other  examples  of  profiling  of 
lithium  multilayers  are  given. 


Table  I 


Sample 

Atom  ratio  -Li/N 

Thickness,  pm 

Y243 

4.46 

0.7 

Y232 

4.39 

1.5 

Y239 

1.63 

0.4 

Y245 

3.1 

0.6 

Table  II 


Sample 

i.d. 

Lithium 

(at/cm2) 

Cobalt 

(at/cm2) 

Li/Co 

Ratio 

Ratio 

Uncertainty 

(%Kla) 

Z57a,T 

4.9el7 

7.0el7 

.70 

3.5 

Z57a,B 

2.2el7 

7.0eI7 

.31 

3.5 

Z57b,T 

4.8el7 

7.0el7 

.68 

3.5 

Z57b,B 

1.9el7 

7.0el7 

.27 

3.5 

Z59 

9.4el7 

7.6el7 

1.25 

3.5 

Upon  depth  distributions 


Figure  1.  Depth  profiles  of  lithium  and  nitrogen 
for  two  different  Upon  samples. 


UC0O2 


Figure  2.  Typical  lithium  depth  profiles  of  two 
LiCo02  samples. 
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Introduction 

Electron  Energy  Loss  Spectroscopy  (EELS)  is  a 
comparable  technique  to  XAFSn.  Similar  to  the  XANES 
region  of  the  XAFS  spectrum,  ELNES  (Energy  Loss  Near 
Edge  Structure)  region  of  the  EELS  spectrum,  which  is  a 
fine  structure  about  the  energy  loss  edge,  is  closely  related 
to  the  density  of  states  (DOS)  near  Fermi  energy.  The 
advantage  of  EELS  over  XAFS  is  that  the  method  is 
suitable  for  a  micro  analysis  with  condensed  electron 
beam  and  can  be  applied  to  an  independent  particle  of 
submicron  size,  which  is  just  the  case  of  the  cathode 
materials.  EELS  measurement  is  suitable  for  obtaining 
low  energy  region  below  1  keV  similar  to  soft-ray  XAFS. 
This  technique  allows  to  obtain  the  information  about  the 
O  K-edge  and  L-edge  of  the  transition  metals  used  in  the 
cathode  materials.  This  study  demonstrates  a  performance 
of  EELS  and  the  analytical  electron  microscope  technique 
for  the  investigation  of  the  cathode  materials. 

Experimemtal 

Li(Mn,M)204  (M=Mn,  Cr,  Co)  samples  were 
obtained  by  a  sintering  method.  These  materials  were 
crushed  in  CCI4  in  an  agate  mortar,  and  were  spread  on 
carbon  supporting  films  on  microgrids.  Metalic  Fe  was 
evaporated  on  the  microgrids  as  a  standard  material  for 
energy  calibration  of  EELS.  EELS  measurements  were 
carried  out  by  HITACHI  HF-3000S  transmission  electron 
microscope  operating  at  300  kV  as  an  acceleration  voltage 
and  Gatan  parallel  EELS  spectrometer  was  used  at  0.2  eV 
per  channel  as  an  energy  dispersive  detector.  Electron 
diffraction  pattern  and  EDX  spectrum  were  taken  for  each 
material  to  characterize  the  samples.  ELNES  spectra  of 
Mn-L  and  O-K  absorption  edges  were  obtained  from  the 
raw  data  by  energy  calibration  and  subtracting  the 
background. 

Result  and  Discussion 

Figures  1(a)  and  (b)  show  the  white  line  of  the 
ELNES  spectra  for  MnO  after  calibration  using  the  zero- 
loss  peak  and  Fe-L  edge  peak,  respectively.  The  use  of 
the  Fe-L  edge,  which  can  be  measured  simultaneously 
with  the  desired  core-loss  peak  of  the  sample,  yielded  a 
better  energy  axis  than  that  determined  by  the  zero-loss 
peak  which  was  measured  independently.  This  calibration 
technique  has  improved  the  reproducibility  of  the 
chemical  shift  of  the  spectrum.  The  spectra  shown  below 
were  calibrated  with  the  Fe-L  edge.  On  the  other  hand, 
electron  diffraction  pattern  and  EDX  spectrum  were  used 
to  help  the  identification  of  the  sample.  Figure  2  shows 
Mn  L-ELNES  spectra  corresponding  to  the  transition  from 
Mn  2p  orbital  to  the  levels  near  Fermi  energy,  for  several 
spinel  lithium  manganates.  The  white  line  peak  shifts  to 
higher  energy  side  by  doping  the  third  cation.  This 
positive  shift  indicates  that  the  average  oxidation  state  of 
Mn  increased  with  doping.  These  results  were  consistent 
with  the  result  of  XAFS2).  Figure  3  shows  O  K-ELNES 
spectra  of  the  same  materials.  Similar  to  the  Mn  L 
spectra,  the  chemical  shift  of  the  white  line  peak  (A)  of 
the  0  K-edge  was  also  observed  by  doping  the  cation. 
This  indicates  that  the  inner  shell  electrons  of  both 


manganese  and  oxygen  atoms  were  affected  by  decrease 
in  the  lattice  volume  when  the  third  cation  was  doped. 
Further,  the  second  peak  (B)  on  the  higher  energy  side  of 
the  white  line  appeared  for  the  Cr  doped  spinel.  It  is 
considered  that  this  fine  structure  (B)  could  be  assigned  to 
the  Cr-O  bond  of  the  Cr-06  octahedron. 


6J0  640  6.'0  660 


630  640  650  660 

Energy  Loss  /eV 

Fig.  1 .  Lin  peak  of  Mn  L-edge  ELNES  spectra  for  several 
particles  of  MnO.  Energy  axis  is  calibrated  by  (a)  zero- 
loss  peak,  (b)  Fe  core-loss  peak. 


Fig.2.  Mn  L-ELNES  spectra  of  several  spinel  compounds 
Li(Mn,  M)204  (M=Mn,  Cr,  Co). 


Fig.3.  O  K-ELNES  spectra  of  the  lithium  manganates 
given  in  Fig.2. 
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Mechanisms  and  dynamics  of  the  microcorrosion 
phenomena  in  the  coin 

cells  of  an  electrochemical  system  "CFi+x  -  lithium" 
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Recently  we  noted  [1),  that  the  main  reason  of  the 
corrosion  phenomena  in  the  coin  «CFi+x-  Li»  cells  during 
their  storage  was  not  removed  moisture  at  a  level  of  0.04- 
0.1  %mass.  in  cathodic  composites.  Due  to  slow 
autocatalytic  hydrolysis  of  C-F  bonds  the  microamounts  of 
HF  are  generated  in  the  pores  of  cell's  cathode.  The  most 
active  is  HF  that  located  in  «open»  pores  whereas  HF  from 
•closed*  pores  is  relatively  *calm*  during  the  storage.  All 
components  of  cell’s  system  *cover-subcover-  cathode- 
separator- electrolyte-Li  anode  -subcover  -cover*  are 
reacted  with  HF  and  other  products  of  microchemical 
reaction  chains.  There  were  observed  two  separated  group 
of  BR2325  cell's  behavior  under  storage  -  A  ([HF)  =  0.10- 
0.5%,  OCV=  2.9-3. 1  V)  and  B  ([HF]=0.0-0.04%,  OCV=3.3- 
3.5  V).  This  distribution  was  described  in  [1].  It  has  been 
shown  that  just  [HF]  contents  in  *open»  pores  of  the 
cathodes  determinated  a  future  rate  of  corrosion. 

The  aim  of  presented  work  was  the  research  of 
main  stages  and  chemical  dynamic  of  corrosion  processes 
and  their  influences  onto  life  storage  of  the  coin  batteries 
BR2325.  Kinetical  study  of  Li,  Fe,  Cr  and  Ni  migration  was 
made  by  a  standard  thermostating  of  cells  (group  B)  at  40  - 
100  °C  and  chemical  analysis  of  metals  in  cells. 

Microcorrosion  products  are  distributed  among 
internal  parts  of  cell.  The  typical  products  of  these  processes 
are  the  solid  Fe.  Ni,  Cr  simple  and  complex  fluorides  MeF2, 
MeFa.  Li*|MeFy]  which  deposited  both  in  the  pores  of 
cathodic  composite  and  also  onto  the  boundaries  between 
cathode  and  subcover  (current  collector).  Part  of 
construction  metals  migrates  through  liquid  phase  as  a 
fluorocomplexes  or  mixed  fluoro-  and  solvocomplexes  to  a 
surface  of  anode  where  are  reduced  to  a  highly  dispersed 
metal  state.  The  rates  of  metal  deposition  and  their 
distribution  among  all  parts  of  stored  cells  under  various 
•time-temperature*  are  shown  in  tables  1  and  2.  Such 
reactions  decreases  amount  of  Li  and  finally  lead  to  a  self¬ 
discharge  with  subsequent  shortening  of  the  «CFi+x  -  Li* 
cell’s  life. 

Analyses  of  all  kinetic  data  are  shown,  that  the 
rates  of  metal’s  migration  in  cells  can  be  described  with 
zero-order  reactions.  The  temperature  dependences  of  Fe, 
Ni,  Cr  and  Li  migration  rate  presented  in  tables  1-3.  These 
data  leads  to  activation  energies  for  Fe.  Cr  and  Ni  equal  to 
ca.  14  kcal/mol  with  a  standard  deviation  ±  15-20  %. 
Activation  energy  of  Li  migration  is  depends  on  the  stage  of 
process  and  changed  from  value  of  15  ±  4  in  the  beginnig  of 
heat-treatment  to  -7  kcal/g-atom  in  the  middle  of  reaction 
and  -  1-2  kcal/g-atom  in  the  stationary  state  of  process. 
We  assumes  that  appointed  changes  in  Li  migration  rate's 
behavior  are  connected  with  the  fact  of  anodic  polymer  film 
slow  dissolution  at  temperature  range  70-100  °C.  At  the 
same  time  an  activation  energy  for  self-discharge  of  all 
•time-temperature*  separately  tested  series  of  BR2325  cells 
from  B-group  is  equal  7  ±  1.4  kcal  at  25-100  °C.  Results  of 
microcorrosion  kinetical  study  are  allowed  to  use  this 
approach  for  development  of  improved  accelerated  method 
of  the  BR2325  cell’s  storage  and  for  other  BR-types  a  self¬ 
discharge  detection.  The  mentioned  method  is  also  reported 
this  Symposium. 

Table  1 

Rates  of  metal  migration  in  group  B  of  BR2325 
(n  =  3-5  inT-series,  Sr  =  0.15-0.25,  p  =  0.95) 
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Novosibirsk,  630090,  RUSSIA 
V  94.  B.  Khmelnitsky  Str.,  JS  Novosibirsk  Chemical 
Concentrates  Plant,  Novosibirsk.  630110,  RUSSIA 
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92 

9 

6 

107 

3.19±0.28 

100 

520 

63 

61 

644 

6.96±2.0 

Note:  T-  temperature;  RT  -  room  temperature 


Table  2 

Distribution  of  metals  in  components  of  cells  (B) 

(n  =  3-4  in  T-series,  Sr  =  0.15-0.25,  p  =  0.95) 


Parts  of 
BR2325 

Rate  of  metal  migration  in  details 
of  cell  design  units,  •mg/hr  (xlO’4) 

n 

cell  •) 

Fe 

Ni 

Cr 
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H 
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0.9 
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<0.01 

0.9 

A  +  S 

1.3 

1.3 

RT 

CC 

mmam 

lEiHH 

Will 

1.2 

FC 

4.2 

2.4 

34.8 

A  +  S 

2.6 

2.4 

34.6 

70 

CC 
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2.2 

39.1 

FC 
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10 
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■MM 

■  HUM 

184.4 

CC 

40 

385 

•)  -  FC  -fluorocarbon  cathode;  A+S  -  anode  +  separator; 


CC  -  surface  of  cathode’s  subcover 

Table  3 

Migration  of  Lithium  in  BR2325  cells  (  group  B) 

(n  =3-5  in  T-series,  Sr  =  0.2-0.35;  p  =  0.95) 


Content 
Of  [H[+  in 
the 

cathode 
me  mol 

Rates  of  Li  migration 
from  anode  to  cathode, 

Wi  (t);  meg/hour 

Rate  of 
[FI- 

increa¬ 

sing, 

mg/hr 

T, 

°C 

Wmax 

ealed. 

Wmln 

Platea 

u 

Wl80 

ealed. 

0-3 

0.17 
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RT 

1-3.2 

30±7 

9±3 

13±3 

0.6-4. 5 

55 

0-21 

40+10 

5±3 

16+4 

0.5-2.9 

70 

0  -  60  *) 

108±35 

19+7 

19±7 

3-32 

100 

V  Acidity  after  heat  storage;  **)  W,8o  -rate  of  reaction  after 
180  hours  of  storage.  Starting  acidity  is  near  to  0. 
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of  cell, 
mAh /day 

Fe 

Ni 
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<0.1 
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40 

15 
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In  a  previous  work,  Confocal  Raman  Microspectrometry 
was  applied  to  the  study  of  a  symmetric  lithium  cell 
Li/PEO,LiTFSI/Li  where  PEO  is  polyethylene  oxide)  and 
TFSI  the  [N(S02CF3)2]'  anion  [1].  The  salt  concentration 
variations  could  be  measured  between  the  two  electrodes 
when  a  current  was  passed  through  the  cell.  From  these 
data,  it  was  shown  that  transport  properties  of  the  polymer 
electrolyte  such  as  salt  diffusion  coefficient  and  transport 
numbers  could  be  derived. 

The  same  experimental  approach  is  applied  here  to  a 
prototype  Li/PE02oLiTFSI/V205  battery  where  the 
vanadium  oxide  active  materia!  is  actually  mixed  with 
carbon  and  polymer  binder  to  make  a  self-supported 
cathode  film  of  20  -  50  pm  thickness.  The  three  elements 
of  the  battery  are  interfaced  between  nickel  collectors 
under  vacuum  inside  a  calibrated  glass  tube  as 
schematised  in  fig.l.  The  cell  is  heated  at  80°C  and  the 
laser  spot  is  focused  onto  the  edge  of  the  battery  along  a 
line  of  points  perpendicular  to  the  electrode/electrolyte 
interfaces  at  a  depth  of  about  20  pm  for  Raman 
measurements. 


Raman  observation 


Fig.  1  :  Raman  Spectroelectrochemical  cell  made  of  a 
glass  tube  of  8  mm  internal  diameter  and  1  mm  thickness, 
Nickel  current  collectors  (Ni),  lithium  100  pm  thickness 
(Li),  PEO,  1/20  LiTFSI,  100  pm  thickness  (PE)  and 
composite  cathode  V2Os  /carbon/electrolyte,  50  pm 
thickness  (V2Os). 


The  geometric  configuration  of  the  cell,  which  resembles 
industrial  designs,  allows  good  electrochemical 
cyclability  of  the  battery  while  preserving  the  cell  from 
moisture  for  several  days.  The  battery  is  cycled  under 
galvanostatic 


conditions  in  the  potential  range  3.2V  to  2V.  The  first 
discharge,  under  a  current  density  of  80pA/cm2,  gives  the 
expected  plateaus  in  the  Potential  vs.  Lithium 
intercalation  plot  (fig.2).  As  the  lithium  content  in 
Li*V205  increases  up  to  x  =  3,  irreversible  phase  changes 
occur  in  the  host  material  [2].  Subsequent  charge- 
discharge  cycles  are  performed  under  a  higher  current 
density  of  120-160pA/cm2. 

The  battery  is  submitted  to  discharge  and  charge  cycles 
while  Raman  spectra  are  continuously  recorded  along  a 
120  pm  line  of  selected  points  (Labram  spectrometer, 
He/Ne  laser,  x50  ULWD  objective).  The  spatial  resolution 
at  a  given  point  is  of  the  order  of  less  than  10  pm.  The 
distance  between  two  points  is  5  pm  and  the  time  needed 
to  record  a  spectrum  of  acceptable  quality  in  the  range 
250  -  3090  cm’1  is  of  the  order  of  20  s.  As  the  charge  and 
discharge  times  are  several  hours,  a  very  large  number  of 
spectra  can  be  recorded  at  different  states  of  charge  of  the 
battery.  Information  is  obtained  on  the  salt  concentration 
variations  inside  the  electrolyte  as  well  as  on  the  redox 
process  at  the  vanadium  oxide  insertion  compound. 


Fig.  2  Galvanostatic  curves  of  the  battery 

Li/PEO,  LiTFSI/V2Os  ( _ )  first  discharge  (80pA/cm2),  (- 

—  )  first  charge(60pA/cm2),  ( . )  second  discharge 

(160pA/cm2),  ( )  second  charge  ( 120pA/cm2) 
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As  one  of  the  quinone-based  conducting 
polymers  with  high  theoretical  specific  capacity,  we 
focused  on  a  poly(  1 ,5-diaminoanthraquinone) 
[poly(DAAQ)]  film  (theoretical  specific  capacity:  338  Ah 
kg'*).[l]  '  We  have  already  demonstrated  that 
poly(DAAQ)  has  high  electronic  conductivity  in  the  wide 
potential  range  in  an  acidic  aqueous  solution  and  that 
redox  interaction  occurs  between  the  rc-conjugated  system 
and  the  quinone  group  in  the  polymer.  '  In  order  to 
further  enhance  its  specific  capacity  and  its  coulombic 
utilization  of  the  poly(DAAQ)  film,  we  attempted  to 
prepare  poly(DAAQ)  films  complexed  with  1,4- 
benzoquinone  (1,4-BQ),  2,6-dichrolo- 1 ,4-benzoquinone, 
or  2,3,5,6-tetrafuloro-l,4-benzoquinone  to  form  various 
CT  complex  compounds.  '  Especially,  the  complex  film 
with  1,4-benzoquinone  [a  poly(DAAQ)-l,4-BQ  film] 
delivered  higher  specific  capacity  (156  Ah  kg1)  and 
higher  coulombic  utilization  (59%)  than  those  for  the 
poly(DAAQ)  film  itself  (50  Ah  kg'1,  21%)  as  shown  in 
Fig.l.  '  The  enhancement  of  specific  capacity  and  the 
coulombic  utilization  caused  by  the  introduction  of  1,4- 
BQ  to  the  poly(DAAQ)  film  was  recognized  and 
investigated  electrochemically  and  spectroscopically. 

The  feasibility  as  a  supercapacitor  material  was 
discussed. 

The  enhancement  of  the  heterogenious  rate 
constant  ( k )  of  the  poly(DAAQ)  by  the  introduction  of 
1,4-BQ  was  evaluated  by  the  rotating  disk  electrode 
voltammetry.  The  obtained  k  for  the  poly  (DA  AQ)-  1,4- 
BQ  film  was  38.8  cm3  mol'1  s'1,  while  that  for  the 
poly(DAAQ)  film  was  19.1  cm3  mol'1  s'1.  Such  an 
enhancement  of  the  rate  constant  can  be  caused  by  the 
promotion  of  the  electron  transfer  due  to  the  formation  of 
CT  complex.  The  similar  behavior  was  already  observed 
for  a  polyaniline- 1,4-BQ  composite  film.[2]  '  This 
promotion  of  the  electron  transfer  plus  the  capacity 
increase  mentioned  earlier  can  lead  to  the  enhancement  of 
the  energy  and  power  densities  when  the  poly(DAAQ)- 


1,4-BQ  film  is  utilized  as  a  supercapacitor  material.' 

FT-IR  analysis  indicates  that  there  is  no  direct 
chemical  interaction  between  the  introduced  1,4-BQ  and 
the  poIy(DAAQ),  and  that  the  hydrogen  bond  between  - 
OH  group  in  1,4-BQ  and  -NH3+  group  in  the  poly(DAAQ) 
gives  the  cross-linked  structure.  The  XRD  analysis 
indicated  that  the  poly(D  A  AQ)- 1,4-BQ  film  maintained 
the  poly(DAAQ)  crystalline  structure  whose  interlattice 
distance  is  slightly  extended  by  the  incorporation  of  1,4- 
BQ  by  the  formation  of  the  CT  complex  as  shown  in 
Fig.2. 
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Figure  1.  Practical  specific  capacity  of 
conventional  conducting  polymers,  poly(DAAQ), 
and  poly(DAAQ)- 1,4-BQ. 
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Figure  2.  Schematic  illustration  of  the  poly(DAAQ)- 1,4-BQ  film. 
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Introduction 

Gel-type  polymer  electrolytes  are  currently 
receiving  a  great  deal  of  attention  because  of  their 
proposed  large  scale  applications  in  secondary  lithium 
batteries  and  electrochemical  supercapacitors  [1,2].  The 
membranes,  in  which  a  liquid  electrolyte  has  been 
immobilised  by  incorporation  of  a  matrix  polymer, 
combine  the  high  conductivity  liquid  solution  with  the 
mechanical  properties  of  the  host  polymer.  A  variety 
of  polymers,  ranging  from  polyacrylonitrile,  poly(vinyl 
chloride),  poly(methyl  methacrylate),  po!y(vinyI 
sulfone),  poly(vinylidene  fluoride),  etc.  have  been  used 
as  polymer  matrixes  [3,4].  In  this  work  we  report  on 
the  thermal  behaviour,  ionic  conductivity  and 
electrochemical  stability  of  gel  electrolytes  based  on 
PAN  and  a  comerciaily  available  copolymer  of 
poly(vinylidene  fluoride)  (PVDF)  and 
hexafluoropropylene  (HFP). 


Results  and  Discussion 

The  electrolyte  membranes  were  prepared  by 
gelling  (160  °C,  5  min)  PAN  and  PVDF-HHP 
(KF2801)  polymer  matrixes  in  a  solution  of  LiCF3S03 
in  ethylene  carbonate-y-butyrolactone  (EC-yBL) 
solvent  mixture.  The  composition  of  the  membranes 
(wt%)  was  PAN/PVDF-HFP  12.5,  LiCF3S03  11,  EC 
56.3,  y-BL  20.2. 

The  DSC  curves  show  the  melting  of  EC  at 
14.3°C  (PAN  gel)  and  16.9°C  (PVDF-HFP  gel),  and  a 
second  melting  region  centered  at  126.5°C  (PAN  gel) 
and  97.2°C  (PVDF-HFP  gel).  The  ionic  conductivity 
of  the  membranes  measured  by  impedance 
spectroscopy  show  slightly  higher  values  for  the 
PVDF-HFP  gel,  values  of  the  order  of  10'3  S.cm'1 
measured  only  at  temperatures  higher  than  45°C  for 
PAN  gel  membranes  and  32°C  for  the  PVDF-HFP 
ones.  Even  this  values  are  lower  than  those  reported  in 
the  literature  [5],  the  high  electrochemical  stability  (the 
current  onset  is  detected  around  4.7  V  vs  Li  for  the 
PAN-based  gel,  the  PVDF-HFP  gel  practically  being 
stable  up  to  5  V  vs  Li)  make  this  membranes  of  definite 
interest  for  practical  applications  in  lithium  batteries 
and  supercapacitors  technology. 
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DSC  thermograms  of  PAN:LiCF3S03:EC:yBL  (A)  and 
KF2801:LiCF3SO3:EC:YBL  (B)  gel  electrolytes. 
Heating  rate  10  K/min. 


Arrhenius  plot  of  ionic  conductivity  results  for 
PAN:LiCF3S03:EC:yBL  (A)  and  KF2801: 
LiCF3S03:EC:yBL  (B)  gel  electrolytes. 
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Linear  voltammetry  of  PAN:LiCr3S03:EC:yBL  (A) 
and  KF2801  :LiCF3S03:EC:yBL  (B)  gel  electrolytes. 
Scan  rate  10  mV/s. 
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Electric  double  layer  capacitors  with  active  carbon 
electrodes  have  been  used  for  memory  back  up 
electric  sources.  In  the  present  work  the  electric 
capacitance  of  active  carbon  fiber  electrodes  in 
aqueous  solutions  of  HC1,  H2S04,  LaCl3  and  some 
electrolytic  salt  was  measured  and  the  mechanism  of 
the  capacitance  was  discussed. 

The  active  carbon  fiber  was  BW554  by  Toyobo  and 
the  electrolyte  solutions  were  aqueous  solutions  of 
HC1,  H2S04,  KC1,  LaCl3  etc.  A  beaker  type  cell  with 
a  test  electrode  (1cm2  active  carbon  fiber,  31.9mg) 
and  a  counter  electrode  (10cm2  active  carbon  fiber, 
319.0mg)  was  used  in  the  electrochemical 
measurement.  Current  collectors  were  platinum 
plates.  Usually  charge-discharge  cut-off  voltagt 
were  0.175  and  0.7  V  respectively.  The  currei 
density  was  normally  5.0Acm'2. 

The  results  are  shown  in  Fig.  1  and  2. 

The  capacitance  of  the  carbon  fiber  positiv 
electrode  was  around  160  Fg'1  and  that  of  th 
negative  electrode  was  125  Fg'1  in  2mol/l  HC 
Usually  the  capacitance  of  the  positive  electrode  m 
larger  than  that  of  negative  electrode.  Th 
capacitance  increased  adding  LaCl3  in  the  electrolyt 
solutions.  The  current  efficiency  was  around  100( 
after  10  cycles.  The  capacitance  was  influenced  wit 
surface  functional  groups,  -COOH,  -OH,  -CHO, 
CO,  specific  adsorption  coexisted  ions,  and  pH  ( 
the  electrolyte  solutions. 

This  study  was  supported  by  the  Proposed  Ne’ 
Industry  Creative  Type  Technology  R&D  Promotio 
Program  from  the  New  Energy  and  Industri; 
Technology  Development  Organization  (NEDO)  of 
Japan. 


Cycle  number 


cycle  number 


Fig.l  Discharge  capacitance  of  the  positive 
electrode 

•  £  EaCI3(1.5mol/l)*  BCl(1.0mol/l) 

•  •  EaC13(1.0mol/l)*  BCl(1.0moI/l) 

•  ¥  EaC13(0.5moI/l)«  HCl(1.0mol/l) 
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Carbon  nanotubes  apart  from  their  technical  use  in 
molecular  electronic  devices,  micromechanics, 
electron  field  emission,  nanowires,  are  also 
considered  for  electrochemical  storage  of  energy. 
Our  investigation  of  lithium  storage  by  carbon 
nanotubes  (NTs)  in  aprotic  medium  (Li/C  cells) 
proved  that  they  can  accumulate  extremely  large 
amount  of  lithium,  however,  the  deinsertion  is  only 
partial  and  involves  a  high  polarization  [I].  The 
shape  of  the  charge/discharge  characteristics 
indicated  capacitance  properties  of  the  nanotubes. 
This  experience  encouraged  us  to  use  this 
nanotubular  material  as  electrodes  for  building  the 
capacitors  [2,  3). 

The  application  of  different  type  of  multiwalled 
nanotubes  proved  the  high  ability  of  this  material 
for  the  accumulation  of  charges  in  the  electrode¬ 
electrolyte  interface.  Our  target  was  to  investigate 
the  two  types  of  capacitance,  i.  e.  a  pure 
electrostatic  attraction  of  ions  in  the  electrical 
double  layer  and  pseudocapacitance  effects  which 
involve  fast  faradaic  reactions. 

Intentionally,  we  selected  extremely  various  types 
of  nanotubes  with  open  and  close  central  canal, 
entangled  and  straight,  to  elucidate  the  role  of  canal 
and  mesopores  in  charging  the  double  layer. 
Multiwalled  carbon  nanotubes  (MWNTs)  with  an 
open  central  hollow  have  been  obtained  by  the 
catalytic  decomposition  of  acetylene  at  700°C, 
where  cobalt  supported  on  silica  was  used  as 
catalyst.  Nanofilaments  of  fishbone  morphology 
with  an  ill  defined  canal  have  been  elaborated  in  the 
same  conditions  but  at  900°C.  Both  types  of 
catalytic  MWNTs  have  sinuous  shape  (Fig.  1 )  and 
the  internal  diameter  varied  from  4  to  6  nm  whereas 
the  external  diameter  varied  from  15  to  30  nm. 
Purification  process  of  MWNTs,  by  hydrofluoric 
and  nitric  acids  used  for  removing  silica  and  cobalt 
particles,  caused  a  modification  of  the  nanotubes 
through  the  formation  of  oxygenated  surface  groups 
confirmed  by  titration  method,  XPS  and  elemental 
analysis.  The  amount  of  oxygen  varied  from  2  to 
10%  by  weight. 

In  some  cases,  an  additional  oxidative  treatment 
was  performed  in  strong  nitric  acid  at  80°C  to 
enhance  the  surface  functionality  of  MWNTs. 
Completely  different  nanotubes  (straight  and  rigid) 
were  obtained  by  chemical  vapor  deposition  CVD 
of  propylene  at  800°C  within  the  pores  of  an 
alumina  template.  In  this  case  the  wide  central 
canal  was  remarkable,  of  the  order  of  10  nm,  but 


only  a  few  concentric,  non-continuous  graphitic 
layers  formed  the  nanotube  walls. 


Fig.  1  Purified  MWNTs  obtained  at  900°C 


The  capacitance  properties  of  the  nanotubular 
materials  were  studied  in  two  electrode 
carbon/carbon  cells.  Electrodes  were  prepared  in 
the  form  of  pellets  of  ca.  10  mg  with  acetylene 
black  (10%)  and  PVDF  (5%).  Experiments  were 
performed  in  6M  KOH  using  voltammetry  and 
galvanostatic  charge/discharge  techniques  (Fig.  2). 
Some  experiments  were  also  performed  in  aprotic 
medium.  The  values  of  specific  capacitance  ranged 
from  2  to  120  F/g  depending  on  the  microtexture 
and  surface  functionality. 

Fig.  2  Charge/discharge  of  a  supercapacitor  from 
functionalized  MWNTs  I=lmA;  6M  KOH 
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Recently  the  trend  of  increasing  of  portable 
electric  devices  demand  for  global 
environmental  conservation  and  demands  the 
development  of  high  energy  density 
supercapacitor.  Electrical  double  layer  capacitor 
is  an  energy  storage  device  that  employs  the 
principle  of  the  electrical  double  layer  formed 
between  conductive  porous  electrode  material 
and  electrolyte.  The  supercapacitor  has 
characteristics  of  fast  charge/discharge,  high 
energy  density.  [1,2]  The  supercapacitor  is 
expected  to  be  applied  not  only  to  the  memory 
back-up  device  for  various  electronic/electrical 
product  (portable  computer,  VCR,  etc.)  but  to 
the  engine  starter  of  electric  vehicles  (including 
hybrid  electric  vehicles),  the  actuator  of  various 
industrial  motors,  military  devices,  artificial 
satellite,  medical  appliances,  high  power  pulse 
laser,  and  plasma  switching  device. 

The  Purpose  of  this  study  is  to  research  and 
develop  V205-carbon  composite  electrode  for 
supercapacitor.  We  performed  electrochemical 
characteristic,  impedance  spectroscopy, 
charge/discharge  property,  power  density  and 
cycle  life.  V205-AC  composite  electrode  with 
25PVDFLiC104PCi0ECio  polymer  electorlyte 
bring  out  good  capacitor  performance  below  3  V. 
The  discharge  capacitance  of  V205-AC  (30:70) 
composite  with  70wt.%  AC  at  1st  and  200th 
cycles  was  9.6  and  8.2  F/g  respectively.  The 
capacitance  of  V205-AC  composite  with 
70wt.%  AC  capacitor  was  larger  than  that  of 
others.  The  coulombic  efficiency  of 
supercapacitor  with  70wt.%  AC  content  showed 
good  capacitance  and  stability  with  cycling. 
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Recently,  miniaturization,  lightweight  or  high 
effectiveness  of  electronic  equipment  by  current, 
power  source  of  this  equipment  has  been  required 
power  source  of  high  energy  density  such  as 
capacitor,  secondary  battery.  Particularly 
electronic  equipment  has  been  required  that  it  is 
high  energy  density  of  energy  storage  system  such 
as  capacitor  has  short  charge  time. 
Electrochemical  capacitor  used  adsorption  and 
desoiption  reaction  of  charge  in  the  electric 
double  layer  take  place  at  interface  between 
electrolyte  and  high  porosity  electrode  is  energy 
storage  system[l].  Supercapacitor  having  the 
advantage  that  compared  with  secondary  battery, 
that  is  short  charge  time  and  a  remarkable 
characteristic  with  dependability.  Therefore 
supercapacitor  possible  to  application  for  electric 
vehicle  power  source  or  load  equalization  power 
source  by  high  capacitance.  Supercapacitor  has 
much  energy  storage  per  gram  than  general 
capacitor  and  discharged  high  power  density  than 
secondary  batteries.  The  redox  reaction  on  surface 
of  electrode  has  advantage  that  it  has  long  cycle 
life  than  secondary  battery  because  of  high 
reversibility  of  charge.  As  well  as  the  electricity 
stored  in  double  layer  in  proportion  to  surface  area 
of  electrode  enable  to  polarization[2].  Particularly 
carbon  suitable  as  a  polarization  active  material  of 
capacitor  because  of  carbon  has  high  surface  area 
and  high  chemical  stability. 

In  this  paper  electrode  material  synthesized 
electrochemical  polymerization  or  chemical 
polymerization  the  polyaniline(PAn)  as 
conducting  polymer  in  order  to  development 
supercapacitor  electrode  of  high  energy  density  or 
long  cycle  life  and  PAn  composite  electrode 
produced  with  activated  carbon  and  composed  cell 
with  1M  H2S04  solution  or  1M  LiC104  /PC  etc. 
And  so  investigated  of  electrochemical  properties, 
impedance  properties,  charge  discharge  properties, 
power  density  or  cycle  life. 

The  discharge  capacitance  of  PAn  composite  with 
15wt%  SP270  in  1st  and  200th  cycles  was  42  and 
42  F/g  at  current  density  of  ImA/cm2.  The 
capacitance  of  PAn  composite  with  15wt%  SP270 
was  larger  than  that  of  PAn  electrode  without 
SP270.  Also  we  researched  various  carbon- 
conducting  polymer  electrodes. 
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